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This dissertation presents the results of nonlinear spectroscopic studies whose 
goal is to understand how the asymmetric nature of interfaces and intermolecular 
interactions give rise to interfacial solvation properties and solvent structure.  The 
first part of this thesis uses resonance enhanced second harmonic generation to 
examine the polarity and hydrogen bonding opportunities at interfaces formed 
between hydrophilic silica and both weakly and strongly associating organic 
liquids.  Measuring interfacial electronic spectra of probe molecules that exhibit 
solvatochromic sensitivity to polarity and hydrogen bonding, we saw that small 
changes in solvent structure affect interfacial polarity, and strongly associating 
alcohols solvents create a region of heterogeneous polarity at the interface.   Silica 
appears to donate hydrogen bonds to adsorbates no matter what solvent (protic or 
aprotic) was chosen. 
  
 The second part of this dissertation uses another nonlinear spectroscopic 
technique, vibrational sum frequency generation, to determine the structure and 
orientation of solvent molecules adsorbed to silica/vapor, silica/liquid, and neat 
liquid/vapor interfaces.  By comparing spectral features appearing under different 
experimental polarization conditions, we have determined average solvent 
orientations and degree of organization.  Our initial studies of alkanes adsorbed to 
the silica/vapor interface show that despite strong substrate-adsorbate interactions, 
molecules at the interface show some degree of long range order and 
organization. 
 In order to examine how the strength of intermolecular forces between 
adsorbates and either the substrate or neighboring molecules affect interfacial 
organization, we measured vibrational spectra of octanol isomers as well as 
different functional group containing n-alkyl molecules at silica/vapor and 
silica/liquid interfaces.  The octanol studies show that strongly associating 
molecules form ordered monolayers at the silica/vapor interface, but that strength 
of lateral interactions is important for preserving that order when the liquid is 
brought into contact.  Branched isomers appeared very disordered at solid/liquid 
interfaces. 
 Further examining this change in order between solvents at silica/vapor and 
silica/liquid interfaces using equal length but different functional group 
containing solvents, we see that the energetics of adsorption and solvation are 
likely to be responsible for the degree of order both at the solid/vapor surface 
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Chapter 1: Introduction 
 
1.1 Liquid Interfaces 
 
1.1.1 Importance of Studying Liquid Interfaces 
To motivate the study of liquid interfaces, one need only look around at the 
naturally occurring boundaries formed between two separate phases.  In fact, almost 
everything that we do see is an interface.  One of the most common visible surfaces is 
that between water and a vapor phase.  These surfaces, in the form of lakes, oceans, 
and even raindrops are often covered with a thin film comprised of many different 
types of organic molecules, whose composition affects properties such as aerosol 
formation and evaporation.
1
  Soil found in the earth’s crust forms interfaces with 
water, air, hydrocarbons, and a host of other materials.
2-4
  Properties such as pollutant 
migration will depend on how analytes adsorb to these boundaries.
5-7
 Everyday we 
rely upon interfaces that we cannot see, such as in biology where cell membranes 
represent interfaces that separate the cell interior from the extracellular environment.  
Cell membranes are composed of lipids and these lipids have different shapes, sizes 
and compositions.
8-10
  The organization of these lipids correlates with cell function.
11-
16
   In addition to these examples, scientists rely on liquid surfaces or the formation of 
thin films at solid surfaces for many industrial uses, including separation science, in 
which the relative strengths of solvent and solute interactions with silica particles can 
result in mixture purification due to differential mobility.
17,18
  Whether one is 




one of the first considerations must be how the system interacts with its environment.  
Answering this question requires understanding interfacial properties. 
The properties of a molecular interface will be determined by interfacial 
structure and organization of surface species.  Interfacial molecular organization is 
driven by the system’s need to minimize its overall free energy.  Molecules at liquid 
surfaces necessarily have higher free energy than molecules in bulk solution.  To 
minimize this value, a neat liquid drop will adopt a spherical shape.  In binary liquid 
systems, interfaces are preferentially rich with species that have the lower surface 
tension.
19-21
  The best example of how surfaces minimize free energy by any means 
necessary is the behavior of surfactants at aqueous interfaces.  Water has high surface 
tension because water molecules at surfaces cannot have a full complement of 
hydrogen bonding partners.  As a result hydroxyl groups are not solvated and are 
exposed to the gas phase.
22-24
  Surfactants are amphiphilic molecules, meaning one 
end strongly associates with water and one is hydrophobic.  These amphiphiles 
spontaneously adsorb to water surfaces, forming molecularly thin layers with alkyl 
chains structured between the water and an adjacent less polar phase.
25-27
  By forming 
monolayers, surfactants minimize hydrophobic repulsive forces, maximize interaction 
between surfactants, and allow interfacial water to satisfy hydrogen bonding 
needs.
28,29
  Conceptually, these driving forces are easy to understand.  However, due 
to the asymmetric nature of the interface and the variety of forces at work, interfacial 
structure is not always easy to predict.  Work presented in this thesis uses nonlinear 
optical spectroscopy and thermodynamic methods to investigate the properties, 




solid/liquid, and liquid/vapor interfaces.  The solvents themselves are chosen to 
represent a broad array of chemical functionalities and structures.  The overall goal of 
this thesis is to begin to identify how molecules at surfaces adopt unique 
conformations and organizations to achieve equilibrium. 
 Given the asymmetry and wide array of interactions at surfaces, anticipating 
interfacial structure can be complicated.  To simplify considerations, experiments are 
often designed to probe properties at solid/vapor interfaces because adsorbed 
molecules will only experience interactions with the immobile solid surface and with 
neighboring adsorbates.  Because of its natural abundance and environmental and 
technological relevance, silica is often chosen as a substrate for such experiments.  
Much of the work described in this thesis considers the effect that silica surfaces have 
on interfacial solvent organization and interfacial solvation.  In addition to being the 
most abundant mineral in the earth’s crust, silica’s practical uses in chemistry include 
applications in separation science and moisture absorption.   
Silica is a naturally found metal oxide whose surface is composed of two 
different types of bound oxygen.  In the bulk material oxygen and silicon are 
tetrahedrally bound.  This Si-O-Si siloxane bond also occurs at the interface, but due 
to defects a large number of interfacial oxygen atoms remain bound to only one 
silicon.  The presence of even trace amounts of water at the interface enables these 





  These free hydroxyl groups are not unlike “dangling” OH bonds 






  Furthermore, silica has been shown to be very polar, and has the ability to 
both donate and accept hydrogen bonds with adsorbed species. 
Because of silica’s high surface energy, individual vapor phase molecules will 
tend to adsorb to the silica surface and interact through a combination of hydrogen 
bonding, dipole, or simple van der Waals forces.  Isolated molecules adsorbed to 
silica will tend to lie flat if possible so as to maximize adsorbate-substrate interactions 
even if different parts of the adsorbate interact with the substrate through a variety of 
forces.  For example, strongly bound alkanethiol monolayers at gold and silica 
interfaces are disordered and lie flat at low surface coverage.
31,32
  When an ensemble 
of molecules adsorbs to the surface, one must consider not only adsorbate and 
substrate interactions, but also lateral interactions between adsorbed monomers.  The 
relative strengths of adsorbate-substrate interactions and lateral, in-plane interactions 
between adsorbates will combine to determine molecular organization within the 
film.  Many naturally occurring molecules have complicated, asymmetric structures, 
thus the adsorption energetics of branched isomers will differ from linear chain 
organic surfactants due to size and steric constraints.  This difference in lateral 
interactions between adsorbed surfactants will affect significantly the degree of 
ordering within the interfacial region. 
Considerations become even more involved when one begins to think about 
structure and organization at solid/liquid interfaces.  Interphase interactions and 
interfacial ordering at these buried interfaces play important roles in a host of 
technologically important processes.  For example, chromatography relies on the 




chemical mixtures.  The properties sampled by either a solvent or solute molecule at 
the solid/liquid interface will necessarily be different than in the adjacent bulk liquid, 
due to the asymmetric nature of the interface.  The local solvation environment of 
solutes at the silica surface may differ from the bulk due to both solute interactions 
with the substrate, as well as changes in local solvent properties.  Because of the 
increased mobility and decreased barrier to desorption, predicting the structure and 
organization of molecules at the solid/liquid interface becomes much more difficult 
than at the solid/vapor interface.  Interfacial solvent molecules at the solid/liquid 
interface are subject to the same substrate-adsorbate and lateral surface solvent 
interactions, but also to favorable solvation interactions in the bulk liquid. 
Complementing studies of solvation and solvent structure at silica/liquid 
interfaces are corresponding experiments that probe structure and organization of neat 
liquid/vapor interfaces and aqueous/vapor interfaces having monolayers of surface 
active species.  As noted above, aqueous/vapor interfaces share many similarities 
with silanol terminated silica/vapor interfaces.  The primary difference is that surface 
silanols and the resulting hydrogen bonding opportunities at silica interfaces are 
immobile.  The solid surface has less conformational freedom than the aqueous/vapor 
interface, so adsorbates that may be solvated and induce water rearrangement at 
aqueous surfaces lose that ability at the silica/vapor interface.  Consequently, 
adsorption energetics at solid/vapor interfaces will be impacted by steric restrictions 
not found at aqueous/vapor interfaces. 
 A final type of interface that can help identify how intermolecular shape and 




interface.  Like the solid/liquid interface, structure across the liquid/vapor interface 
must necessarily transition from that of the isotropic bulk to isotropic vapor.  Again, 
interfacial free energy must be minimized, but at these surfaces the driving force for 
organization will be a competition between solvation of interfacial species, and self 
assembling tendencies of the interfacial molecules.  Many studies have shown that 
long range order and monolayer solvent organization exists at the liquid/vapor 
interface arising from interactions solely between liquid molecules themselves.  In 
some instances such as with strong hydrogen bonding liquids (i.e. water and 
methanol) the origin of such structure is easy to understand.  For weakly interacting 
liquids such as alkanes, the origin of interfacial organization is not as clear. While the 
work presented in this thesis focuses on molecular structure at solid surfaces, 
examining the balance of forces leading to changes in interfacial organization in these 
other systems provides insight about molecular structure at the solid interface. 
1.2 Methods to Determine Interfacial Structure and Organization 
Many different experimental techniques are available to probe the properties, 
structure, and organization of molecules at interfaces.  Thermodynamic techniques 
such as surface tension measurements, thermogravimetric analysis (TGA), and 
contact angle measurements can determine the strength of macroscopic or ensemble 
averaged interactions between adsorbed species and solid substrates.  
Thermodynamic measurements are often relatively easy (and inexpensive) to 
perform.  Furthermore, results can provide insightful guidance when interpreting data 
from spectroscopic experiments.  TGA is used to measure the amount of adsorbate on 




Goniometers measure solid/liquid contact angles and can report on the affinity that a 
liquid has for itself versus an adjacent solid surface.   Results presented in this thesis 
measure the surface tension of pure liquids using a modified analytical balance.  
The surface tension of a liquid or solution quantifies the strength of attractive 
forces between adjacent molecules at the interface, manifested as the excess 
interfacial free energy.  Liquids that associate very strongly with each other, such as 
water, tend to have higher surface tensions.  Because the aqueous/vapor interface 
consists of water molecules that do not experience a complete hydrogen bond 
network, water’s surface tension is very large at ~72 mN/m.  Alkanes, on the other 
hand only interact through weak van der Waals forces and are on the other end of the 
energetic spectrum, with surface tensions of 20-25 mN/m (depending on chain 
length).  
 Thermogravimetric analysis (TGA) is a technique that can measure solid-
adsorbate interactions.  In these experiments, the mass lost from a sample of small, 
high surface area particles is recorded as the sample temperature is increased.  Both 
the total amount of adsorbate lost and the temperature at which the loss occurs 
indicate interaction strength between adsorbates and the substrate.  TGA experiments 
relevant to this thesis use the method to examine the relative amounts of various 
octanol isomers physisorbed and chemisorbed water on silica samples to determine 
relative surface coverages.
  
More quantitative measurements should be able to 
differentiate the heats of adsorption for different isomers.  As an example of this 
technique’s potential, previous studies have shown that the heat of adsorption of 




rises from less than 50 to greater than 250 kJ/mol as surface silanol concentration 
increases.
33
   
A final measure of interfacial energetics quantifies the contact angle formed 
between a liquid drop and a solid surface is related to the magnitude of interaction 
between the two phases by solving Young’s equation.
34
  A good example showing 
difference in contact angles due to solid/liquid interaction are the water/Teflon and 
water/silica interfaces.  Water completely wets hydrophilic silica, indicating a strong 
affinity for the silanol terminated surface, but has contact angles with Teflon in 




Figure 1.1.  Three different thermodynamic techniques are used in this thesis to 
quantify macroscopic surface energetics.  Surface tension measurements, which use 
the Wilhelmy Plate method (left), TGA measurements (middle) which show mass of 
adsorbates lost with increasing time or temperature, and contact angle measurements 
(right), where the angle formed at the interface between a solid (hydrophobic glass) 
and liquid (water) corresponds to the interaction strength. 
 
Additional techniques can measure other aspects of thin film structure.  Here 
“thin film” is taken to mean either a full monolayer adsorbed to a solid substrate or 
aqueous interface or the asymmetric region created in a liquid by an adjacent surface.  




measurements of adsorbed film thickness at solid/vapor interfaces can help one infer 
molecular structure within the film itself.
27,36,37
   For example, a film of long chain 
molecules with a measured thickness on the order of a few atoms is likely to lie flat at 
the surface, but if the film measures more than 1 nm in width, the adsorbed molecules 
is likely to be standing upright.  Data from neutron and x-ray scattering experiments 
are used to infer interfacial structure through electron or atomic density, but again, 
these measurements do not directly probe the strength and directionality of the 
intermolecular interactions responsible for organization within the film.
38-41
   
These various experimental measurements of solvent structure, organization, 
and energetics at different interfaces all report different interfacial properties arising 
from a competition between many forces.  To help understand the relative magnitude 
and importance of these forces on interfacial structure and organization, molecular 
dynamics (MD) simulations provide valuable complementary information.  Though 
MD simulations are generally not definitive as stand-alone studies, when one 
compares experimental results with simulations that vary interaction parameters, one 
often gains valuable insight into the microscopic origins responsible for experimental 
observations.  Furthermore, spurred by the dramatic increase in experimental studies 
of interfacial organization, MD simulations have evolved to explore a broad range of 
topics.  
Examples of experimental results which can be modeled and explained by 
MD simulations include simulations of interfacial width and polarity across liquid 
interfaces.
42,43
  Simulations have been performed to show that interfacial structure and 






  Additional studies have examined ion distributions across 
aqueous interfaces in order to compare results with spectroscopic and scattering data. 
47-49
 
Information from MD simulations can also lead to predictions that can be 
tested using optical spectroscopy.  Spectroscopic experiments have the ability to 
investigate local environment through changes in molecular electronic or vibrational 
structure.  Furthermore, coherent spectroscopic measurements using polarized light 
can be used to measure a molecule’s average orientation making optical spectroscopy 
an ideal tool for probing intermolecular forces and their directionality at interfaces.  
To study interfaces optical methods must have a degree of surface specificity, 
meaning that measurements must be able to discriminate the response from molecules 
at surfaces from those in bulk.  A primary reason that traditional spectroscopic 
techniques are not effective for studying surfaces is that linear spectroscopic methods 
such as absorption or emission lack surface specificity.  When one considers the 
difference in molecule populations between the bulk and interface, one quickly 
realizes that any spectroscopic signal arising from an interface will likely be masked 
by signal from the bulk that is orders of magnitude larger.  Second order nonlinear 
(NLO) spectroscopy solves this dilemma, due to the technique’s inherent surface 
specificity. 
Described in this work are experiments that use 2
nd
 order nonlinear optical 
spectroscopy to measure directly the solvation environment, structure and 
organization of molecules adsorbed to solid and liquid surfaces.  Signals that arise 




Frequency Generation (VSFG) spectroscopy are only nonzero in a non-
centrosymmetric medium, thus making these techniques ideal for studying molecules 
adsorbed to interfaces.   
SHG relies on a second order polarization induced at the surface by an 
incident light field.  The molecular specificity arises from the increased interfacial 
response and signal when the sum of the energies of those two photons is resonant 
with an allowed electronic transition in the molecule.
50-54
  In practice, a tunable, short 
(~150 femtosecond) visible wavelength laser pulse is directed toward the surface of a 
silica prism in contact with the sample solution.  Because selection rules require the 
SH signal to vanish in isotropic media, any SH light scattered coherently forward 
must arise from solutes at the surface.  The origin of the generated signal field is 
described in detail in Chapter 2 of this work.  Choosing solvatochromic sensitive 
solutes allowed examination of the local solvation environment.  SHG has been used 
for a variety of studies examining properties of liquid interfaces such as interfacial 
width, molecular orientation and interfacial acid-base equilibria.
55-60
  
Experimental considerations for VSFG are also determined by the same 
selection rules, however in a VSFG experiment only one of the two incident fields is 
resonant with an allowed infrared transition in the molecule.
51,61-63
  By coupling 
knowledge of molecular transition dipole moment orientations with experimental 
polarization analysies of VSFG signals, one can determine average molecular 
orientation and the strength of interactions within the interfacial region.
29,31,64-66
  A 
detailed explanation of VSFG theory and its application to quantifying molecular 





Figure 1.2  Representative SHG (left) and VSFG (right) spectra.  On the left are the 
spectra of indoline adsorbed to the hydrophilic (red) and hydrophobic (blue) 
silica/cyclohexane interfaces.  The differences in peak wavelengths represent 
hydrogen bonding opportunities at hydrophilic (top) and hydrophobic (bottom) silica 
surfaces.  Indoline’s electronic transition shifts to higher energy in a hydrogen bond 
donating environment. The right panel shows SFG spectra acquired under PPP, SSP, 
and SPS polarization conditions of 1-hexadecanol adsorbed to the aqueous/vapor 
interface. 
 
1.3 Systems Studied  
1.3.1 Interfacial Solvation Studies 
Experiments presented in this work employ several techniques to study 
interactions responsible for the properties, structure and organization of molecules at 
liquid interfaces.  Motivated by experiments that probed interfacial polarity as a 
function of interphase forces and solvent molecular structure, experiments described 
in Chapter 2 use SHG spectroscopy in addition to bulk UV-Vis absorbance 
spectroscopy and computer simulations to differentiate specific from nonspecific 




solvent identity on both local polarity and hydrogen bonding at interfaces formed 
between silica and different classes of organic solvents.  Two probe molecules, 
para-nitroanisole (pNAs) and indoline, are sensitive to different types of solvation 
forces.  The electronic structure of pNAs depends solely on polarity, but indoline is 
sensitive to hydrogen bond donating and accepting opportunities regardless of the 
local dipolar environment.  These solutes were used to measure the interfacial 
nonspecific and specific solvation environment at the silica/liquid interface, where the 
liquid in question is an alkane, or different length n-alcohol solvents.   
Solutes adsorbed to or near the silica substrate may interact directly with the polar, 
hydrogen bonding solid, or may experience an interfacial solvation environment 
different from the bulk due to silica enforcing a net order or density difference on the 
adjacent solvent.  Any changes to local solvent density will change the polarity 
experienced by an adsorbed solute and this effect should be sensitive to solvent 
packing efficiencies.  In contrast, if a solute is sensitive only to interacting with the 
substrate, surface induced changes to solvent structure should have minimal effect on 
interfacial solvation.  Nonlinear spectroscopic results of para-nitroanisole (pNAs) and 
indoline adsorbed to the silica/cyclohexane, silica/methylcyclohexane, 
silica/1-octanol, and silica/1-propanol are presented in Chapter 2.  Spectra of solutes 
at the two silica/alkane interfaces show that while solvent structure impacts the local 
polarity at the interface, hydrogen bonding opportunities remain unchanged.  In 
addition, spectra acquired at silica/alcohol interfaces show heterogeneous polarity and 
imply Langmuir film-like monolayer solvent structure within the first solvent layer at 




removing the substrate’s ability to donate hydrogen bonds can indoline’s electronic 
structure (and solvation) be significantly altered.  
 
Figure 1.3  p-nitroanisole (middle and right) adsorbed to silica surfaces is sensitive to 
local polarity and this nonspecific solvation property varies with solvent identity.  
Indoline, however, is sensitive solely to specific solvation interactions with the silica 
substrate. (left)  In particular, indoline adsorbed to silica surfaces from a variety of 
solvents appears to be sensitive solely to the hydrogen bond donating properties of 
the hydrophilic silica substrate. 
 
Assisting in the interpretation of second harmonic spectra presented in Chapter 2 
are the results of ab initio electronic structure calculations.  Experimental results 
show solvatochromic shifts based on bulk solvent properties, and calculations 
performed serve to clarify the origin of the intermolecular interactions responsible for 
observed spectra.  Since indoline, silica and the alcohols used in experiments can all 
accept and donate hydrogen bonds, calculated electronic transition moments of 
indoline directly hydrogen bonded to H-bond accepting or donating solvents (water 





1.3.2 Interfacial Solvent Structure and Organization Studies 
Chapters 3 through 5 of this thesis describe experiments intended to quantify 
relative strengths and directionality of forces responsible for interfacial structure and 
organization at liquid interfaces.  By comparing how experimental spectroscopic 
results change with small differences in solvent structure (molecule size, isomer 
conformation, and functional group identity) results can systematically isolate how 
intermolecular forces between the solvent and substrate and between interfacial 
solvent molecules themselves conspire to create highly varied, anisotropic structures 
intrinsic to interfaces. 
Chapter 3 of this work details experiments performed using VSFG to investigate 
the interfacial structure of films formed at the silica/vapor interface by medium length 
(C8-C11) alkanes adsorbed from the vapor.  By comparing the spectral features present 
under different experimental polarization conditions, as well as the intensity of 
selected features from one solvent system to the next, results in this chapter present 
directly measured information on the structure and orientation of adsorbed 
monolayers.  Despite the relatively simple bulk spectroscopies of these linear alkanes, 
relative differences between transition dipole moments of methyl groups on either 
end of the molecule lead to significantly different spectra as the chain length 
increases. 
Films of adsorbed alkanes at the silica/vapor interface are relatively simple 
model systems.  Predicting structure and organization of functional group containing 
organic molecules at interfaces is more complex.  Previous results from our group 
used VSFG to study octanol isomer monolayers adsorbed to the aqueous/vapor 




changes in interfacial order.  VSFG spectra of 1-octanol at the aqueous/vapor 
interface have the characteristic spectral features of well-ordered, upright monolayers.  
Furthermore, surface tension measurements of these interfaces confirm surface areas 
per monomer consistent with an upright molecule.  The isomers 2- and 3-octanol, 
however, sample both a larger surface area, and have spectra consistent with 
increased disorder and gauche defects within the monolayer that minimize aqueous-
alkane interactions.
64
  At all of these interfaces, the assumed strongest interaction is 
hydrogen bonding or solvation of the octanol hydroxyl group.  Monolayers of octanol 
isomers at the silica/vapor interface will also be able to form strong hydrogen bonds.  
At the solid/vapor or solid/liquid interface, however, the alcohol cannot be solvated, 
thus the methyl- (ethyl-) group of the 2- (3-)octanol isomers must necessarily adopt a 
conformational defects in order to allow hydrogen bonding.  While a number of 
studies have shown the thickness and density of 1-octanol adsorbed to the silica/vapor 
interface to be consistent with an upright orientation of alkyl chains, much less is 
known about how other isomers are organized at interfaces. 
 
Figure 1.4   Schematic representation of octanol isomer monolayer formation at the 
silica/vapor interface.  Experiments described in Chapter 4 show that all isomers 
appear to form well ordered, upright molecular monolayers at this interface, 







 Experiments presented in Chapter 4 of this work describe both 
thermodynamic and spectroscopic studies that examine the structure and organization 
of octanol isomers adsorbed to the silica/vapor and silica/liquid interfaces.  Properties 
of solid/liquid interfaces examined in Chapter 2 of this work can be used to infer the 
local structure and organization of 1-octanol in contact with silica.  Results from the 
VSFG experiments that probe isomer structure directly suggest that like the 
aqueous/vapor interface, 1-, 2-, and 3-octanol at silica/vapor interfaces all form well 
ordered monolayers with molecules sampling an upright average orientation.  Despite 
the strong hydrogen bonding interactions between octanol isomers and the substrate, 
interfacial structure changes dramatically when the substrate is brought into contact 
with the bulk liquid.  Notably, 2- and 3-octanol at the silica/liquid interface lose all 
long range order present when these solvent molecules adsorb to the silica/vapor 
interface.  Even 1-octanol loses some interfacial order, though the loss is less 
pronounced. Results presented here also show changes in interfacial structure when 
the solid/vapor interface is brought into contact with the liquid. 
Many of the naturally occurring or technologically relevant examples of 
molecules organized at interfaces involve surfaces comprised of different types of 
molecules, or combinations or molecules.  Order and organization there will depend 
on molecular identity, which in turn governs type and strength of interactions present 
between phases or molecules.  Chapter 5 describe experiments and presents results 
showing how strength of substrate-solvent interactions impacts order at both the 
solid/vapor and solid/liquid interface by comparing VSFG spectra of equal size, but 




work compares measured surface organization to systematically varied possibilities 
available for interaction.  These interactions include van der Waals (silica/octane), 
dipole or weak hydrogen bonding (silica/octyl cyanide), hydrogen bond donation 
from the substrate (silica/dimethyloctylamine), hydrogen bond donation and 
accepting (silica/1-octanol), and multiple hydrogen bond opportunities 
(silica/octylamine). 
Chapter 2 of this thesis was published as a journal article.  Results presented in 
Chapters 3-5 are also in preparation as separate journal articles.  As a result, these 
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  This chapter describes experiments that use resonance enhanced second 
harmonic generation (SHG) has been used to identify solvation mechanisms at 
different solid/liquid interfaces.  Solvation interactions are characterized as being 
either nonspecific and averaged over the entire solute cavity or specific, referring 
to localized, directional interactions between a solute and its surroundings. SHG 
spectra report the electronic structure of solutes adsorbed to silica/organic solvent 
interfaces, and different solutes are chosen to probe either interfacial polarity or 
interfacial hydrogen bond donating/accepting opportunities. SHG results show 
that interfacial polarity probed by p-nitroanisole depends sensitively on solvent 
structure whereas hydrogen bonding interactions probed by indoline are 
insensitive to solvent identity and instead are dominated by the hydrogen bond 
donating properties of the polar silica substrate. The bulk solvation interactions 
were modeled with a series of ab initio calculations that characterized solute 
electronic structure within a dielectric continuum and in the presence of explicit, 
individual solvent molecules.  Collectively, these measurements and calculations 
create a comprehensive picture of how solvation mechanisms vary at different 




2.2  Introduction   
Solvation at solid/liquid interfaces will differ from bulk solution limits due to a 
solute’s interactions with the substrate as well as the structural and dynamic 
changes induced by the substrate in the adjacent solvent.  Given that surface 
mediated solvation will control solute concentration, structure and reactivity at 
interfaces, understanding the effects of a surface on solvation is essential for 
predicting solution-phase surface chemistry.  Numerous studies have shown that 
different solute properties near solid/liquid interfaces can depend on solvent 
structure, surface composition and solute identity.
1-12
 However, many of these 
reports vary only a limited number of parameters, and the resulting interpretation 
provides only a partial picture of how the chemical asymmetry found at surfaces 
leads to unique interfacial environments.  Experiments described below examine 
how solvation mechanisms vary at interfaces formed between organic liquids and 
polar silica surfaces.  Specifically, solutes are chosen to probe independently 
interfacial polarity and hydrogen bonding.  Results show that solvent polarity 
depends sensitively on solvent structure, whereas, hydrogen bonding opportunities 
remain largely independent of solvent identity, even when the solvent itself can 
form strong hydrogen bonds.   
In this study, we characterize solvation as being either nonspecific or 
specific.
13-15
  Nonspecific solvation refers to solvent-solute interactions that are 
averaged over the entire solute cavity.  Solvent polarity stands out as an example 
of this type of solvation.  When considering polarity, one treats the solvent as an 
effective polarizable continuum around an overall solute dipole.  Polarity itself 




interactions experienced between a solute and its surroundings.  Nevertheless, 
numerous theoretical and empirical scales have emerged to characterize this 
property, and in recent years simulations have attempted to isolate contributions 
made by solvent dipolar and dispersion forces to a solute’s electronic structure.
16-
19
  In contrast to solvent polarity, specific solvation describes solvent-solute 
interactions that are localized and directional.  Examples of this type of solvation 
include dipole-dipole, charge-dipole and hydrogen bonding interactions.  Again, 
many studies have proposed empirical scales to treat the effects of specific 
solvation interactions on solute chemistry, but only a few of these efforts have 
resulted in models that are sufficiently general to cover a variety of solutes 
solvated by many different classes of solvents.
13,20-22
 
At solid/liquid interfaces one expects both nonspecific and specific solvation 
interactions to be different than in bulk solution.  First, depending on the 
magnitudes and types of interactions, interfacial solute concentrations may be 
enhanced through adsorption or depleted by unfavorable energetics (such as 
Coulomb repulsions or hydrophobic effects).
23-26
  Second, the surface itself will 
alter a solvent’s density, local dielectric constant and viscosity, thereby changing 
solvent-solute interactions across the anisotropic, interfacial region.
6,8,27-31
  These 
effects – direct substrate/solute interactions and substrate induced changes in 
solvent properties – can have consequences for a multitude of technologically and 
biophysically relevant phenomena.  For example, attractive substrate-solute 
interactions can be tailored to drive the assembly of well-ordered arrays of 




electrodes and thin films constructed specifically to serve as sensors. 
32,33
  
Creation of an organized assembly requires that the overall change in system free 
energy be favorable but often necessitates overcoming specific individual 
interactions (such as arrays of parallel aligned dipoles or like-charges) that are 
energetically (or entropically) destabilizing.  If, however, the surface also 
enhances interfacial solvation interactions, effectively screening adsorbed solutes 
from each other, then such self assembled species can enjoy greater structural and 
organizational uniformity. 
A second example of how different types of solvation can impact interfacial 
processes comes from the general area of chromatography.  Adsorption to silica 
surfaces has been investigated intensively for decades.
34-37
  These studies have led 
to a detailed understanding of how chemisorbed solutes aggregate on silica 
surfaces as well as empirical procedures designed to functionalize these surfaces 
and minimize the chromatographic tailing. In reverse phase chromatography 
columns, the silica is treated with an alkylating agent  to reduce the number of 
surface silanol groups.
37
  Large scale industrial applications motivate 
manufacturers to go to great lengths to “cap” these hydrogen bonding sites with 
small alkyl silanes.  Still, researchers propose that uncapped, acidic silanol groups 
and topographical inhomogeneities bear responsibility for retaining more basic 




In the experiments described below, resonance enhanced second harmonic 




properties at solid/liquid interfaces formed between hydrophilic silica and 
different organic liquids.  Complementing these measurements are a series of ab 
initio calculations intended to isolate and quantify the role played by different 
intermolecular interactions contributing to solvation. Experiments measure the 
solvatochromic behavior of both pNAs and indoline adsorbed to these boundaries, 
and results show that polarity varies considerably with solvent structure, but 
hydrogen bonding appears to be controlled primarily by solute/substrate 
interactions.  In particular, interfaces formed between silica and alkanes are more 
polar than bulk solution but the quantitative change(s) in local dielectric 
environment correlate with solvent packing efficiencies (as inferred from bulk 
densities, melting points, and previously reported X-ray scattering studies).
8,30
 
Strongly associating solvents such as alcohols create a heterogeneous distribution 
of polarities across the interface implying the existence of anisotropic, ordered 
Langmuir film-like structures.
11,12
 In contrast to the solvent-dependent polarity 
results, specific solvation experienced by indoline at these same interfaces is 
dominated by the hydrogen bond donating properties of the solid surface, 
regardless of solvent identity.  Only by rendering the silica surface hydrophobic 
are specific solvation forces changed at the solid/liquid interface.   
 
2.3  Experimental 
To establish benchmark solvent-solute interactions in bulk solution, absorbance 
spectra of the solutes in different solvents were acquired using a Hitachi U-3010 




such that the maximum absorbances were between 0.1 and 1.0.  Figure 1 shows 
the absorbance maxima corresponding to the lowest allowed electronic excitations 
of p-nitroanisole (pNAs) and indoline in a variety of solvents.  The solvents are 








f(        (2.1) 
where ε is a solvent’s static dielectric constant. (Table 2.1)  pNAs is sensitive to 
nonspecific solvation forces as evidenced by an excitation wavelength that 
increases monotonically from 293 nm to 317 nm as solvent polarity increases 
from that of alkanes (ε = 2.0, f(ε) = 0.40) to that of water and DMSO (ε H2O = 78, 
f(ε)H2O = 0.98; ε DMSO = 37, f(ε)DMSO = 0.96), respetively. (Figure 2.2, top)  In 
contrast, λmax of indoline is insensitive to polarity, remaining near 300 nm for a 
collection of solvents varying in polarity from alkanes to acetonitrile (ACN).  
When indoline is dissolved in DMSO, however, λmax shifts to 307 nm and in H2O 
(pH = 6.2), λmax of indoline falls to 288 nm. (Figure 2.1, bottom)  While ACN, 
DMSO and H2O have similar polarities – f(ε) = 0.96 – 0.98 for the three solvents 
– ACN is a poor hydrogen bonding solvent, DMSO is a strong hydrogen-bond 
accepting solvent and H2O can both accept and donate hydrogen bonds.  The 
hydrogen bond donating ability of H2O is responsible for the dramatic shift to 














































































Figure 2.1. Solvatochromic activity of pNAs and indoline in various bulk 
solvents.  Excitation wavelengths are plotted as a function of solvent’s Onsager 
polarity function defined in Equation 1.  Uncertainties in excitation maxima are 
± 1 nm.  Linewidths in solution vary between 30 – 40 nm. Dashed lines are 
included to serve as guides to the eye. 
 
To measure solvation interactions at solid/ liquid interfaces, resonance enhanced 




a second order, nonlinear optical (NLO) technique that is inherently surface 
specific.
9,43,44
  A number of studies have used SHG to report solvatochromic shifts 
of solutes adsorbed to liquid interfaces,
11,45-47
 and Wang, et al. used 
solvatochromic activity measured by SHG to develop a generalized interfacial 
polarity scale.
48
 SHG relies on the generation of a second order polarization by an 
incident oscillating electromagnetic field.  The second harmonic field is 








2    (2.2) 
where 
(2)
 is the sample’s macroscopic second order susceptibility. This third 
ranked tensor contains all of the information related to the spatially averaged 
hyperpolarizability of molecules at surfaces, and, under the electric dipole 








NR      (2.3) 
Typically, the resonant portion is much larger than the nonresonant term, and 












   (2.4) 
where ij is the transition matrix element between two states i and j.  The 
intensity of the second harmonic field depends quadratically on the incident light 
intensity and the squared magnitude of the nonlinear susceptibility. 




By scanning the incident wavelength and monitoring the intensity of the 
coherently scattered second harmonic signal, experiments can measure effective 
excitation spectra of solute molecules in the isotropic environment presented by 
liquid interfaces. 
SHG experiments in these studies were conducted with a variety of solutions 
consisting of pNAs or indoline dissolved in organic solvents that were then 
brought into contact with a hydrophilic or hydrophobic silica prism.  The solutes 
were purchased from Aldrich and used without further purification.  (Reported 
purities were 99% for indoline, ≥ 97% for pNAs with major contaminants being 
structural isomers.)  The SHG cell and detection assembly has been described 
previously.
11,12,31,49
 For experiments requiring a hydrophilic silica surface the 
prism was cleaned in a 50/50 mixture (by volume) of sulfuric and nitric acids for 
several hours, thoroughly rinsed with  deionized water (Millipore) and allowed to 
dry under a N2 atmosphere.  Given that all experiments were carried out with 
solvents that contained varying amounts of dissolved H2O, no additional efforts 
were made to remove any H2O film that likely remained adsorbed to the 
hydrophilic silica surface.  For experiments requiring a hydrophobic surface, the 
prism was cleaned in a similar fashion and then exposed to dichlorodimethylsilane 
vapor overnight. Static contact angle measurements with water showed angles in 
excess of 100 degrees in agreement with literature reports.
50
 All SHG spectra were 
collected at a temperature of 21 ± 1º C. Solution concentrations ranged from 50-
100 mM for both solutes in alkanes,  200 mM in alcohols, and 200 mM for 




These concentrations were necessary in order to acquire measurable SHG data.  
Smaller concentrations led to anticipated reductions in signal intensity, but not to 
qualitative changes in electronic resonance wavelengths or band shapes.   
The SHG apparatus uses the 1 kHz output of a Ti:sapphire regeneratively 
amplified, femtosecond laser (Clark-MXR CPA 2001, 130 fs pulse duration, 700 
μJ). The output of the Ti:sapphire laser pumps a commercially available visible 
optical parametric amplifier (OPA, Clark-MXR). The visible output of the OPA is 
tunable from 550 – 700 nm with a bandwidth of 2.5 ± 0.5 nm.  The polarization of 
the incident beam is controlled using a Glan-Taylor polarizer and a half wave 
plate.  The fundamental 775 nm and any SH light generated from preceding optics 
are blocked with a series of filters prior to the detector.  The incident light 
impinges on the interface at an angle of 68˚ relative to the surface normal and the 
second harmonic response is detected in reflection using photon counting 
electronics.  A second polarizer selects the SH polarization, and a short pass filter 
and monochromator serve to separate the signal from background radiation due to 
scattering or fluorescence.   
All reported spectra were collected using p-polarized incident light, and passing 
p-polarized second harmonic signal. SH signals were normalized for incident 
power, and care was taken to confirm quadratic behavior of I(2ω) on I(ω) at all 
wavelengths.  Spectra shown in this work represent the average of 2-4 separate 
experiments acquired on separate days with new solutions and freshly cleaned 
cells.  Each data point in a spectrum represents the average of at least three, ten-




In addition to interfacial solvation, the average orientations of pNAs and 
indoline adsorbed to representative solid/liquid interfaces were determined from 
the polarization dependent second harmonic response. Following established 
protocols, the data enabled us to determine three unique, nonzero elements of χ
(2)
, 
χXXZ, χZXX, and χZZZ,.  These data were coupled with calculated 
hyperpolarizabilities to estimate averaged adsorbate orientations at both 
alkane/silica and alcohol/silica interfaces using well developed methods reported 
in the literature.
43,44,51
 Ab initio methods (Gaussian 03
52
) were also used to 
calculate electronic transition energies of pNAs and indoline in a cavity 
surrounded by  a polarizable continuum characterized by a static dielectric 
constant, ε.  Where hydrogen bonding might be expected, explicit solvent 
molecules were included in the cavity itself to simulate specific solvent-solute 
interactions.  To model the experimental results, we performed a series of 
calculations using time dependent density functional theory (TDDFT) to 
determine excitation energies in cavities created within a polarizable continuum 
model (IEFPCM). Solvent systems were chosen to model results from 
experiments, namely, pNAs in nonpolar and polar cavities, indoline in nonpolar 
and polar cavities, and indoline in polar cavities with explicit water and DMSO 
solvent molecules included to capture the effects of hydrogen bond donation and 
acceptance.  pNAs and indoline’s gas phase geometries were optimized for the 
lowest energy structure at the MP2 level of theory using a 6-31G(d) basis set.  
After geometry optimization a TDDFT calculation was performed with the BLYP 




wavelengths and hyperpolarizabilities. Due to a systematic error in excitation 
energies, we normalized the frequencies to the gas phase calculation limit to 
enable comparison with experimental results. (Table 1) Determining the 
hyperpolarizabilities of pNAs and indoline required using a HF level of theory 
with a 6-31+G(d,p) basis set and the POLAR=EnOnly keyword.  All calculations 




2.4   Results 
2.4.1   Electronic structure calculations 
Experimental and calculated solute transition wavelengths and solvatochromic 
activity are reported in Table 1.  Since the electronic structure of pNAs is sensitive 
only to solvent polarity, calculations of this solute’s electronic structure were 
carried out without explicit solvent molecules in the cavity.  Given indoline’s 
polarity-independent electronic structure, calculations for this solute required the 
presence of explicit solvent molecules to replicate solute electronic structure in 
hydrogen bond donating and hydrogen bond accepting environments. DMSO can 
only accept H-bonds. Water can both accept and donate hydrogen bonds, but 
reported calculations of the negative enthalpies of hydrogen bond formation show 
that the hydrogen bond donated by H2O to related phenols is much stronger than 
the hydrogen bond formed with H2O as the hydrogen bond acceptor.
53-55
 
Figure 2 shows optimized, gas-phase structures of pNAs and indoline as well as 
the scaled, calculated wavelengths of both solutes in representative solvent 






Figure 2.2.  Normalized transition wavelengths for pNAs in different solvents as 
determined from ab initio calculations described in the text. NHB stands for a 
polarizable continuum without any explicit solvent molecules in the solute cavity 
capable of accepting or donating hydrogen bonds.  Reported normalized 
wavelengths are scaled to the calculated gas phase transition wavelengths.  (A 
normalized wavelength of 1.00 coincides with the gas phase limit.)  Also shown 

















Table 2.1.  Polarity data and excitation wavelengths p-nitroanisole (pNAs) and 
indoline in different solvents.  Onsager polarity functions (f(ε)) were calculated 
according to Reference 42.  Calculated wavelengths were determined using a 
polarizable continuum model (IEFPCM) as described in the text.  In the case of 
indoline, the DMSO and water calculations also included an explicit solvent 
molecule inside of the solute cavity as described in the text. 
 
Solvent ε f(ε) λ(bulk, nm) λ(calculated, nm) 
   pNAs indoline pNAs indoline 
cyclohexane 2.04 0.41 293 299 321.3 304.6 
methylcyclohexane 2.03 0.41 294 299   
CCl4 2.24 0.45 294 298   
ethyl ether 4.20 0.68 300 302   
chloroform 4.89 0.72 310 299   
methylene chloride 8.93 0.8 309 301   
1-octanol 10.3 0.86 304 295   
1-propanol 20.5 0.93 307 293   
methanol 32.7 0.95 313 292  295.6 
acetonitrile 35.9 0.96 308 300  305.8 
DMSO 46.5 0.97 317 307  313.4 





 The computational results reported in Figure 2.2 and Table 2.1 reflect clearly 
the trends observed experimentally and reported in Figure 2.1, namely that pNAs 
exhibits a pronounced red shift in excitation wavelength with increasing polarity 
whereas indoline electronic structure depends little on its local dielectric 
environment.  Furthermore, the red and blue shifts of indoline’s excitation 
wavelength in DMSO and water, respectively, can be understood by the 
participation of the nitrogen lone pair in the solute’s electronic structure.  The 
hydrogen-bond accepting ability of DMSO leaves the indoline nitrogen’s lone pair 
isolated and inductively promotes lone pair delocalization into the aromatic ring 
following excitation.  The resulting larger change in permanent dipole leads to a 
shift in excitation to lower energies (and longer wavelength).  In contrast, the 
hydrogen bond donating property of water stabilizes indoline in its ground state 
thereby increasing the energetic gap between ground and excited electronic states 
leading to the experimentally observed blue shift in excitation wavelength.
21,56,57
 
2.4.2  Polarity and hydrogen bonding at alkane/silica interface 
The data in Figure 2.1 show pNAs to be very sensitive to its local dielectric 
environment while indoline samples hydrogen bonding opportunities.  Figure 2.3 
shows SHG spectra of pNAs and indoline adsorbed to the silica/cyclohexane and 
silica/ methylcyclohexane interfaces. For pNAs the dashed vertical lines represent 
excitation wavelengths of the solute in both polar (water) and nonpolar (alkane) 
limits.  The solid vertical lines indicate the excitation wavelength maximum 
resulting from fitting the data to equations 2.2-5.  Nonzero contributions from the 
nonresonant piece of 
(2)




the interfacial excitation wavelength does not always match the wavelength 
having maximum signal intensity in the SHG spectra. 
 
Figure 2.3.  SHG data from pNAs (left) and indoline (right) adsorbed to 
silica/cyclohexane interfaces (top) and silica/methylcyclohexane (bottom) 
interfaces.  The “polar” and “alkane” dashed lines in the pNAs spectra denote 
excitation wavelengths in bulk water and alkane solvents, respectively.  “HBD”, 
“NHB” and “HBA” labels on the dashed lines in the indoline spectra denote 
excitation wavelength limits in hydrogen bond donating, non-hydrogen bonding 




wavelengths of the different solutes at solid/liquid interfaces.  Note that 
differences between intensity maxima in the spectra and the calculated excitation 
wavelengths can result from a nonresonant contribution to the χ
(2)
 tensor as shown 
in Equation 2.3, and described in the text.   
 
Spectra in Figure 2.3 show that pNAs samples distinctly different nonspecific 
solvation environments at the interface between silica and these two solvents.  
Based on their static dielectric constants, cyclohexane (2.04) and 
methylcyclohexane (2.03) have virtually identical polarities as reflected by 
equivalent maximum absorption wavelengths of pNAs in both solvents (293 nm).  
At the silica/cyclohexane interface, however, pNAs experiences a more polar 
environment (λSHG= 321 ± 3nm) compared to the less polar interface formed 
between silica and methylcyclohexane (λSHG= 312 ± 3nm). Using data in 
Figure 2.1 to approximate an effective interfacial polarity for both of these 
systems, we find that the cyclohexane/silica interface is even more polar than an 
aqueous environment (f() ~ 1.0) whereas the methylcyclohexane/silica interface 
has a dipolar environment corresponding to a local Onsager function of 0.9.  With 
its high density of silanol groups one might expect the interfacial polarity to be 
close to that of a polar, protic solvent such as water.  However, the spectra of 
pNAs adsorbed to these different silica alkane interfaces show that nonspecific 
solvation at these boundaries depends on solvent structure as well as 
solute/substrate interactions.  
Surface silanol groups can contribute to the local dipolar environment in several 
ways.  First, surface silanol groups represent a dense collection of immobile 




dielectric environment more polar than bulk solution.  Surface silanol groups can 
also donate and/or accept hydrogen bonds.  The collective effect of these 
contributions to interfacial polarity is reported by adsorbed pNAs, a solute chosen 
to probe nonspecific or spatially averaged interactions.  Indoline’s electronic 
structure, however, is capable of differentiating the general dielectric effects from 
hydrogen-bond donating and accepting interactions.  The right side of Figure 2.3 
shows the SHG spectra of indoline adsorbed to the silica/cyclohexane and 
silica/methylcyclohexane interfaces.  In these spectra vertical dashed lines indicate 
the absorption maxima in bulk water (288 nm), non-hydrogen bonding solvents 
such as alkanes and acetonitrile, 299 nm), and DMSO (307 nm).  These solvents 
are chosen to reflect limiting cases for indoline in hydrogen bond donating 
(HBD), non-hydrogen bonding (NHB), and hydrogen bond accepting (HBA) 
environments, respectively.  The spectra are fit as described above with excitation 
maxima marked by solid vertical lines.  Both spectral fits have maxima at 291 ± 2 
nm, a result characteristic of a strong hydrogen bond donating environment. 
We attribute these specific solvation effects to the hydrogen-bond donating 
properties of the surface silanol groups of the silica substrate, although we can not 
rule out contributions from water strongly bound to the silica substrate.  
Supporting our assignment are several studies that report on highly acidic 
properties of surface silanol groups on chromatographic silica,
58
 as well as the fact 
that the polarity-dependent results show clear differences in the interfacial 
dielectric environments, even for different alkanes having equivalent bulk 




hydrogen bond donating properties of the surface, we might expect the polarities 
of both interfaces (silica/cyclohexane and silica/methylcyclohexane) to be 
similar.
59,60
 Regardless of the source of the strong hydrogen bond donating 
properties, the data in Figure 2.3 show clearly that interfacial solvation differs 
considerably from bulk solution limits and interfacial effects on solvation are not 
the same for different solutes.   
To further explore the dependence of nonspecific and specific solvation on 
solvent structure, we examined the solvatochromic responses of pNAs and 
indoline at interfaces formed between hydrophilic silica and solvents capable of 
interacting strongly with the solid substrate.  Figure 2.4 compares the SHG spectra 
of pNAs and indoline at interfaces formed between silica and 1-octanol and 





Figure 2.4. SHG data from pNAs (left) and indoline (right) adsorbed to silica/1-
propanol interfaces (top) and silica/1-octanol (bottom) interfaces. Other markings 
as in Figure 3.  Data for pNAs were fit to two distinct electronic resonances.  
Similar efforts to fit the indoline data to two features resulted in the second feature 
always having amplitudes > 10x smaller than the primary feature.   
 
Unlike the spectrum from the silica/cyclohexane interface that shows only a single 




silica/1-propanol interfaces can only be fit with two contributing features having 
the same phase.  The higher intensity features show maxima centered at 
297 ± 3 nm and 307 ± 3 nm for octanol and propanol, respectively, and the lower 
intensity peaks appear at ~320 nm for both solid/liquid systems.  That there are 
two features in the silica/alcohol spectra is not surprising.  Previous studies have 
reported similar heterogeneous environments at hydrophilic solid/protic solvent, 
solid/liquid interfaces.
11,12,31
  Creation of these microscopic domains having 
dramatically varying properties has been ascribed to surface induced polar 
ordering of the interfacial solvent species.
61,62
 
Based on the data in Figure 4 as well as related findings from previous reports, 
we conclude that pNAs adsorbed to silica/1-octanol and silica/1-propanol 
interfaces samples two distinct polarities – one having a high effective dielectric 
constant (f(εeff) ~ 1.0 and εeff > 80) and the other being distinctly nonpolar (f(εeff) ~ 
0.5 and εeff ~ 4 for 1-octanol; f(εeff) ~ 0.8 and εeff ~ 9 for 1-propanol). The lack of 
interference between the two features implies that pNAs monomers in the two 
different dipolar environments share similar orientations, and orientation 
measurements of pNAs at the silica/1-octanol interface presented below further 
support this claim.   
This result supports a picture of interfacial solvent structure where the –OH 
groups of the alcohol solvent hydrogen bond to the silica substrate, and the chains 
organize to form a Langmuir-like film that is responsible for the nonpolar 
environment sampled by the solute.  The solutes then partition into the nonpolar 




substrate.  If relative band intensities reflect approximate populations, one would 
conclude that for both silica/1-octanol and silica/1-propanol, more pNAs samples 
the nonpolar environment.  Such a conclusion would be consistent with 
partitioning studies that show pNAs to be ~20x more soluble in alkanes than in 
water.
49
  However, this interpretation neglects the effects of average solute 
orientation on SH intensity and the higher intensity may simply reflect a more 
upright orientation of the pNAs in the  nonpolar region leading to a larger 
projection of it’s hyperpolarizability on the surface normal.  Average solute 
orientation results determined from polarization dependent changes in SHG 
intensity described below support the claim that differences in peak intensities are 
due to population differences and not changes in solute orientation. 
The heterogeneities in polarity observed across silica/alcohol interfaces are not 
reflected in hydrogen bonding opportunities across these same boundaries.  
Figure 2.4 also shows the SH spectra of indoline adsorbed to the same silica/1-
octanol and silica/1-propanol interfaces. Dashed lines indicate bulk excitation 
limits in hydrogen bond donating, non-hydrogen bonding and hydrogen bond 
accepting environments, and solid vertical lines represent excitation wavelength 
maxima.  The distinctive environments indicating clear differences in nonspecific 
solvation at the silica/1-octanol and silica/1-propanol interfaces are absent in the 
data from indoline adsorbed to these same boundaries.  Indoline at the silica/1-
octanol interface has an single maximum at 287  2 nm in its SH spectrum.  This 
max
 
is shifted slightly beyond the strong hydrogen bond donating limit 




maximum falls at 290 ± 2 nm.  This observation provides additional evidence that 
specific solvation forces at these polar solid/liquid interfaces depend largely on 
solute-substrate interactions with little contribution from the solvent itself. We 
propose that the small but reproducible shift of the indoline solvatochromic data 
beyond the strong hydrogen bonding limit at the silica/1-octanol interface arises 
from reduced solute mobility.  Strong hydrogen bonding between the silica 
substrate and the interfacial octanol solvent creates a well ordered monolayer that 
should be subject to fewer solvent fluctuations and allow for stronger hydrogen 
bond formation. Based on the 1-octanol vs. 1-propanol differences, we surmise 
that the hydrogen bonds formed between the indoline’s nitrogen lone pair and the 
interfacial H-bond donors are weaker at the silica/1-propanol interface, a result 
that stands in contrast to the specific solvation interactions observed in bulk 
solution.  (See Figure 2.1.) 
Experiments to clarify further the different types of solvation present at 
silica/organic solvent interfaces measured the polarization dependent SH response 
as a function of incident fundamental polarization.  Representative data from 
experiments measuring P-polarized SHG signal as a function of incident 
fundamental polarization for pNAs and indoline at the silica/cyclohexane interface 
are shown in Figure 2.5.  Together with the measurement of S-polarized SHG 
signal arising from a visible field polarized 45˚ relative to the surface normal 
(containing both S & P components), the individual components of the surface 
nonlinear susceptibility tensor can be calculated according to Equations 2.6-8:     
zxxSHxxxxzzpss LLL  sin

































Relating the elements of the macroscopic χ
(2)
 tensor to the elements of 
molecular hyperpolarizability, β, requires knowledge about the electronic structure 
of the molecule itself. With this information, the measured surface nonlinear 
susceptibility can be related to the molecular hyperpolarizability using a 







kjikkjjiisijk RRRN      (2.9) 
We employed ab initio methods described above to calculate the non-zero (gas 
phase) βijk elements for both pNAs and indoline.  Consistent with its pseudo-C2v 
structure, the hyperpolarizability of pNAs is dominated by two terms βzzz and βzxx 
(= βzyy) where βzzz >>βzxx.  In contrast, indoline has 10 non-zero β elements of 
significant magnitudes.  Consequently, determination of indoline’s orientation 
















Table 2.2.  The nonzero elements of pNAs and indoline are presented below (in 
relative atomic units
68
). Details regarding the calculations themselves can be 
found in the manuscript text.  For pNAs, only those elements highlighted in bold 




 pNAs Indoline 
zzz 838.9 -225.0 
xxx -33.0 31.7 
xxy 0.00 3.48 
yyy -0.05 41.3 
xxz -167.2 4.12 
xyz -0.07 3.77 
yyz -23.3 -51.9 
xzz 32.6 18.6 
yzz 0.10 -8.10 
xyy -20.1 15.9 
 
The polarization dependent intensities and resulting orientation calculations lead 
to an average orientation of the molecular electronic transition dipole.  Results are 





Figure 2.5. Orientation data for pNAs (top) and indoline (bottom) at the 
silica/cyclohexane interface.  The data was collected by varying the incident light 
polarization angle from P (0º) to S (90º) then back to P (180º), while observing the 
P-polarized SH signal.  (P-polarized light corresponds to light with its electric 
field vector in the plane defined by the surface normal and the light propagation 
direction.)  Data are fit to Equation 8 to determine the individual contributions to 
the surface nonlinear susceptibility.  Also shown are representative figures 
illustrating pNAs in a mostly upright orientation and indoline lying relatively flat 











Table 2.3.  Orientation of pNAs and indoline at selected solid/liquid 
interfacesOrientation results for pNAs and indoline at silica/cyclohexane and 
silica/1-octanol interfaces using data shown in Figure 2.5 and Equations 2.6-9 in 
text.   
Solute Solvent nm orientation 
pNAs cyclohexane 321 19 ± 5 
pNAs 1-octanol 297 ≤ 9 
 1-octanol 321 ≤ 9 
indoline cyclohexane 291 150 ± 5 
 
 
For all of the solid/liquid systems studied, pNAs adopts a mostly upright geometry 
with an average orientation of the molecular long axis relative to surface normal 
of 19 ± 5º at the silica/cyclohexane interface and less than 10˚ at the 
silica/1-octanol interface at both wavelength maxima. This result suggests that 
despite the distinctly different dielectric environments present at the 
silica/1-octanol interface, the average orientations for both adsorbed pNAs 
populations are quite similar, thus supporting the argument that observed 
differences in intensities arise from differences in population. 
Analysis of the indoline data shows this solute to adopt a more horizontal 
orientation at the silica/cyclohexane interface.  Orientation measurements lead to 
an average molecular orientation of 150 ± 5º from the surface normal.  This result 




bonds from surface silanol groups, consistent with the observed SHG data 
presented in Figures 2.4 and 2.5.   
The last experiment conducted in this study was designed to test the 
contributions of the silica substrate to specific solvation forces at the solid/liquid 
interface.  Previous reports in the literature have indicated that polarity at 
hydrophobic solid surfaces is much lower than bulk solution limits.
64
  We 
eliminated the substrate’s ability to donate hydrogen bonds by allowing a film of 
dimethyldichlorosilane to chemisorb to the silica substrate. Static contact angles 
formed between water and this surface measured 105˚.
65
   
Preparation of hydrophobic silica surfaces 
The hydrophobic prisms used to measure hydrogen bonding interactions at the 
cyclohexane/hydrophobic interface were prepared in the following way:  
hemispherical fused silica prisms were first cleaned in a solution containing a 
50-50 mixture (by volume) of concentrated sulfuric acid and fuming nitric acid.  
The prisms were then rinsed thoroughly with deionized water.  The cleaned 
prisms were then placed flat surface down on a teflon reservoir containing a small 
amount of dimethyldichlorosilane.  The prisms were exposed to the silane vapor 
overnight.  This procedure resulted in a chemisorbed hydrophobic film assumed to 
be 1 monomolecular film thick.
65,66
  Static contact angle measurements yielded a 
contact angle with water of  > 105˚ consistent with previous reports in the 
literature.
67
  (The contact angle was measured with a commercial goniometer 
(Rame-Hart) using vendor supplied software.)  A picture of a water droplet on a 






Figure 2.6.  Picture of a water droplet on dimethyldichlorosilane coated silica. 
 
Figure 2.7 shows the results of SHG spectra of indoline at both the hydrophilic 





Figure 2.7.  SHG data for indoline adsorbed to the hydrophilic silica/cyclohexane 
interface (top) and to the hydrophobic silica/cyclohexane interface.  The 
hydrophobic surface was created by exposing overnight a hydrophilic silica prism 
surface to a vapor saturated with Si(CH3)2Cl2.  A picture of the contact angle 
formed with this surface by water is shown in Supporting Information.  The 
hydrophilic silica/cyclohexane data are the same as those shown in the top, right 
panel of Figure 2.3. 
 
The bulk limits are shown, along with the SHG maxima.  For indoline at 
hydrophobic silica, max shifts to 302  3 nm.  This result falls between the non-
hydrogen bonding and hydrogen bond accepting bulk limits of 300 nm and 




hydrogen bonds, but the surface’s ability to donate hydrogen bonds, however, is 
largely eliminated.   
 
Table 2.4.  Second harmonic data for pNAs and indoline adsorbed to alkane/silica 
and n-alcohol silica interfaces 
Solvent  f()  (bulk, nm) (surface, nm) 
   pNAs indoline pNAs indoline 
Cyclohexane 2.04 0.41 293 299 321 ± 2 291 ± 2 
methyl-cyclohexane 2.03 0.41 294 299 312 ± 3 291 ± 2 
1-octanol 10.3 0.82 305 295 297 ± 2 287 ± 2 
     320 ± 3  
1-propanol 20.5 0.91 310 293 307 ± 2 290 ± 3 
     320 ± 4  
cyclohexane/hydrophobic     302 ± 3 
 
Bulk and surface excitation wavelengths of pNAs and indoline adsorbed to 
different solid/liquid interfaces.  SHG data result from fitting data shown in 
Figures 2.3, 4 and 6 with Equations 2.2-5 in text. 
 
These results provide deeper insight into studies of surface diffusion studies of 
single molecules reported by Wirth and coworkers who characterized solute 
mobility at hydrocarbon terminated, silica surfaces.
35,39,40




methods including single molecule fluorescence spectroscopy and fluorescence 
correlation spectroscopy, these investigators found that silica surfaces terminated 
with long-chain dimethylsilanes still possessed sites capable of strongly binding 
charged dye molecules from solutions.  The strongest of these binding sites were 
assigned to topographical inhomogeneities resulting from mechanical polishing.  
The authors proposed that these binding sites were correlated with the isolated or 
weakly hydrogen-bonded silanol groups reported by Harris and coworkers in the 
latter’s study of pyridine adsorption to silica surfaces.
36,38
  Our solvatochromic 
results contain no direct information about interfacial topography, but the data 
point clearly to the importance of hydrogen-bond donating properties of silica 
surfaces in controlling specific solvation interactions compared to the surface’s 
overall polarity and ability to accept hydrogen bonds.  
 
2.5 Conclusions 
Data presented above significantly advance our understanding of solvation at 
polar solid surfaces.  The electronic structure of pNAs at weakly and strongly 
associating interfaces shows that solvent structure and identity play important 
roles in controlling the local dipolar environment.  When a solution of pNAs in a 
nonpolar (alkane) solvent is brought into contact with hydrophilic silica, the 
interfacial region assumes a distinctly polar character although the magnitude of 
the effect depends on solvent structure.  This result supports a model where the 
polar silica surface creates a high-dielectric environment.  However, this model 




brought into contact with the silica substrate.  Alcohol solvents create 
heterogeneous dipolar environments where one region can be distinctly “alkane-
like”.  The second region remains extremely polar.  The nature of this nonpolar 
region depends on solvent structure and is enhanced with longer-chain alcohol 
solvents.  Solutes sensitive to specific solvation forces do not experience the same 
solvent-dependent variation in interfacial solvation.  Indoline’s solvation at the 
polar silica/liquid interface is homogeneous and appears to be dominated by the 
hydrogen bond donating properties of the substrate itself and is largely unaffected 
by the solvent.  Only by rendering the silica surface hydrophobic does the nature 
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Chapter 3: Structure of Medium Length Alkanes Adsorbed to 
Silica/Vapor Interfaces 
 
3.1  Introduction 
 
 Understanding hydrocarbon adsorption to solid surfaces has broad impact and 
application in fields as diverse as tribology, environmental remediation, and catalysis 
and fuel reforming.
1-8
  In many of these areas, silica is the solid surface most often in 
contact with a hydrocarbon vapor or liquid.  Consequently, the origin of observed 
behavior in these systems arises directly from equilibrium and dynamic properties of 
the hydrocarbons adsorbed to the polar, dielectric surface.  These properties, in turn, 
will be determined by a balance of asymmetric forces between hydrocarbons and 
silica, hydrocarbons and the adjacent vapor or liquid phase, as well as lateral 
interactions amongst the adsorbed hydrocarbons themselves.  For example, 
monolayers comprised of combinations of different alkane molecules between loaded 
silica and mica surfaces have been shown to minimize stick-slip effects compared to 
single component liquids due to changes in interfacial film structure and dynamics.
9-15
  
These surface force apparatus (SFA) experiments illustrate how alkane structure and 
organization between two solid substrates control friction changes with load, velocity, 
and lubricant identity. 
 The importance of hydrocarbon interactions with silica surfaces can be 
inferred simply from the number and scope of experimental and theoretical studies 
that have focused on aspects related to hydrocarbon structure and dynamics at 




analysis and temperature programmed desorption have been used to examine the 
strength of interaction and free energy of adsorption for hydrocarbons at the 
silica/vapor interface.
16
    Linear adsorption isotherms imply that up to a high 
percentage of full monolayer coverage, lateral intermolecular interactions between 
adsorbates remain weak. Infrared spectra show that hydrocarbons adsorb 
spontaneously onto silica and that adsorption leads to changes in the spectra of 
surface silanol groups interacting directly with adsorbed species.
17
  Hydroxyl groups 
in zeolite (Si(OH)Al) materials exhibit absorption band shifts that depend on the 
strength of interaction with adsorbed alkane species.  Stronger interactions or 
hydrogen bonds between silica and short (C3-C6) hydrocarbon adsorbates lead to 




Atomic force microscopy and ellipsometric 
measurements of hydrocarbon films on silica have reported film thicknesses of 
different alkanes and have led investigators to interpret hydrocarbon structure within 
these films.
20  
Measurements suggest that an incomplete monolayer forms from vapor 
adsorption up to high vapor pressures, and that the thickness of the equilibrium 
monolayer is consistent with alkane molecules lying flat.  While all of these studies 
show clearly that hydrocarbons interact relatively strongly with silica interfaces, they 
fail to address directly questions about interfacial hydrocarbon structure and 
organization.   
 Supporting experimental results are simulations of alkane adsorption onto the 
silica surfaces.  Calculated heats of adsorption from Monte Carlo simulations show 
that the adsorption energy increases with chain length, and that interactions are 




alkanes show an increasing tendency to layer.
21
  Molecular dynamics simulations of 
alkanes having lengths between 4 and 8 carbons packed in porous silica gel conclude 
that linear alkanes pack together efficiently in the interfacial monolayer.
22  
What is 
still missing from this characterization of alkane-silica interactions, however, is a 
clear, experimentally validated picture of how interfacial interactions lead the alkanes 
in direct contact with the silica to organize at the surface.  To clarify how alkanes 
adsorb to and organize at silica interfaces, experiments described in this chapter use 
second order nonlinear optical (NLO) spectroscopy to determine the relative 
orientations and structures of medium length alkane molecules adsorbed to the 
silica/vapor interface. 
 Alkane molecules adsorbed to the silica/vapor interface can interact directly 
with both the polar substrate and adjacent adsorbed alkanes.  Previous studies of 
solvent polarity at solid/liquid interfaces have shown that the interface formed 
between nonpolar alkane solvents and hydrophilic silica interfaces are surprisingly 
polar.
23
  Depending on the specific alkane, the interface between the silica and an 
alkane liquid can have effective dielectric constants greater than 80 based on 
solvatochromic shifts of adsorbed solute excitation energies.  These results have led 
researchers to speculate that silica may enhance solvent density and induce a net 
polarization in solvents that are in direct contact with the surface.  Additional support 
for this picture comes from x-ray scattering studies that showed certain alkanes to 
have anomalously high densities adjacent to silica surfaces.
24  
  In the data presented 
below, surface specific vibrational spectra of medium length (C8-C11) alkanes 




chains lie flat, primarily with extended conformations that direct methylene groups 
towards and away from the interface.  By comparing the spectral features present 
under different experimental polarization conditions, as well as certain bands’ relative 
intensities, these results provide a clear picture of organization at the solid/vapor 
interface, from which the dominant interactions can be inferred. 
3.2 Theory/Experimental 
3.2.1 Vibrational Sum Frequency Generation Spectroscopy 
 VSFG is an ideal tool to measure the structure and orientation of interfacial 
solvent molecules.  The technique is sensitive only to those molecules subject to 
interfacial anisotropy, and different polarization conditions described below allow 
experiments to selectively probe the orientation of specific functional groups.
25-31
  
The origin of the technique’s surface specificity has been described elsewhere, and 
will only be summarized here.  Signal from the surface arises from the spatial and 
temporal overlap of two photons at the interface, one visible photon, and one infrared.  




1 + 2  = 
(2)
1 + 2  E1 E2    (3.1) 
where 
(2)
 is the sample’s macroscopic second order susceptibility. This third ranked 
tensor contains all of the information related to the spatially averaged 
hyperpolarizability of molecules at surfaces, and, under the electric dipole 












Typically, the resonant portion is much larger than the nonresonant term, and can be 

















    (3.3) 
Due to the relation of the surface response from the macroscopic susceptibility to that 
of the molecular response, defined by the hyperpolarizability, we can determine the 
orientation of specific functional groups by identifying which vibrational transition 
dipoles give rise to signals under different experimental polarization combinations.  
In a typical experiment, we direct a beam of visible and infrared light of known 
polarizations at the sample, and collect using a spectrometer and CCD the 
polarization resolved, coherently scattered SF field.   
 
Figure 3.1.  Schematic energy diagram of the VSFG experiment.  Two incident 
beams are used, one resonant with an allowed IR transition and one nonresonant 
(output of the 800 nm amplified Ti:Saph laser).   
 
 
By changing the polarization of visible, IR, and SF light we use and detect, we can 
selectively probe different elements of the 
(2)
 tensor and deduce the average 




Typically, 3 or 4 unique polarization combinations are used to acquire spectra.  
These combinations are designated with a three letter sequence where the first letter 
characterizes the polarization of the SF light, the middle letter describes the 
polarization of the visible light, and the last letter the IR light.  For example 
PSFPVISPIR describes a combination where all three fields are polarized in the plane 
defined by the surface normal and the propagation direction of the incident visible 
and IR fields.  Likewise, in the SSFSVISPIR spectrum, the IR field remains polarized in 
the vertical plane, but the SF and visible field polarizations are defined as being 
parallel to the plane of the interface.  The four unique combinations sample different 















   (3.4) 
xxzSFzzxxxxssp LLL  sin
)2(         (3.5) 
xzxSFxxzzxxsps LLL  sin
)2(         (3.6) 
zxxSFxxxxzzpss LLL  sin
)2(         (3.7)  
where Lii are diagonal elements of the Fresnel matrix determined by the refractive 
indices of the two phases, and the angle of the incident and reflected beams.  
Equation 4 shows that spectra acquired under PPP conditions contain all elements of 
the surface susceptibility, but SSP and SPS spectra each sample only one unique 
element.  Assuming a symmetric Raman polarizability tensor, the SPS and PSS 
spectra will contain equivalent information.   
The simplest interpretations of VSF spectra often compare data acquired 




bands that appear in the SFG spectrum must correspond to molecular vibrations that 
have a projection of their IR transition moment along the surface normal.  If a feature 
shows up in the SPS spectrum, we expect that the vibrational transition dipole lies in 
the plane of the surface.  A feature that appears in both spectra means the transition 
moment lies at an angle such that it has projections both in- and out-of-plane, and by 
comparing the relative intensities of several features in each spectrum, we can 
estimate the molecule’s average orientation.  PPP conditions sample all nonzero 
(2)
 
elements, each one of which has a well defined phase that can interfere constructively 
or destructively.  Therefore interpretation of this spectrum can become complicated. 
3.2.2  Experimental 
SFG spectra acquired in this work were collected using a broadband, counter-
propagating geometry SFG spectrometer that has been described elsewhere.  The 
solid/vapor data were acquired by putting a drop inside of quartz cells, and letting the 
system equilibrate at 22±0.5ºC.  Typically, we record SF spectra for 1-2 minutes at 
each central IR wavelength, then tune the laser 50 cm
-1
 and scan again.  This 
procedure results in 8 broadband wavelength scans per spectrum.  All spectra were 
normalized to the instrument response measured by the nonresonant spectrum 
acquired from the gold/vapor interface, and calibrated by placing a polystyrene card 
in front of the gold surface along the IR path.
32
  Four points corresponding to known 
adsorption bands from polystyrene were used for a wavelength calibration, leading to 
an accuracy in reported frequencies on the order of ±2 cm
-1
.  Relative intensities of 
bands within the same spectrum typically reproduced to within 10 percent.  Also, by 




known standard (DMSO at the silica/vapor interface), absolute intensities could be 
compared between systems.  Given that the instrument response does not vary 
day-to-day by more than 10 percent (i.e. the nonresonant SF signal from gold, and 
resonant band intensity from the methylene symmetric stretch frequency at the 
silica/vapor interface with DMSO adsorbed), spectra taken on subsequent days could 
be scaled relative to each other.  In this way we were able to compare absolute 
intensities for different silica/alkane interfaces for a given polarization condition. 
 
 
Figure 3.2.  Picture of beam geometry at the sample.  Typically, most broadband 
VSFG instruments use a copropagating geometry as shown on the right.  
Measurements presented in this work were collected on a broadband counter-
propagating system, which has advantages such as small scattered background, and 







Figure 3.3.  Schematic layout of the broadband VSFG system used to acquire VSFG 
spectra of alkanes adsorbed to the silica/vapor interface.  Our static, broadband 
spectra only required the IR and spectrally narrowed, 2 picosecond pulse duration 800 




3.3 Results and Discussion 
 Identifying the resonant vibrational bands that appear in VSFG spectra of 




quantifying molecular organization at this boundary.  Sampling the different non-zero 
polarization combinations enables features to be assigned unambiguously and with 
enough redundancy to inspire confidence in the results of fitting data to Equations 
3.1-3.  Spectra acquired under the PPP condition sample all nonzero elements of the 
nonlinear susceptibility and require careful consideration when fitting features to the 
molecular response, given that different elements of the 
(2)
 tensor can have different 
phases.  The SSP and SPS polarization conditions, however, only sample one nonzero 
element each with SSP spectra probing vibrations having IR transition moments 
along the surface normal, and SPS spectra sampling those vibrations having in-plane 
IR transition moments. 
  Alkanes adsorbed to the silica surface can organize themselves in a variety of 
ways that will lead to different anticipated VSFG responses under the polarization 
conditions sampled.  First, medium chain alkane molecules could organize as linear 
amphiphilic molecules do in a Langmuir-like film with the long molecular axis 
aligned along the surface normal.  These adsorbed molecules would interact with the 
surface through the methyl group at one end.  Van der Waals interactions between 
adjacent chains would enhance intermolecular interactions and lead to greater 
conformational order.  In fact, x-ray scattering and nonlinear optical studies of the 
alkane liquid/vapor interface show that linear alkanes (n > 12) adopt this 
conformation when they undergo a surface freezing transition at temperatures slightly 
above bulk freezing.
33,34  
 Likewise, x-ray scattering studies of long chain alkanes 
adsorbed in thin films at the silica and silver surface show corresponding degrees of 
order.
35




plane of the surface, and the methyl group on either end directed normal to the 
surface, SSP and SPS spectra of alkanes in this regime should resemble previous 
results from well ordered neutral surfactant monolayers adsorbed to aqueous/vapor 
interfaces.  These monolayer structures are characterized by SSP spectra having 
dominant contributions assigned to the methyl symmetric stretch (r
+
) and Fermi 
resonance(r
+
FR), and very little, if any signal from either the methylene symmetric 
stretch (d
+
) or methyl asymmetric stretch (r
-
).  Typically the only feature present in 
the SPS spectrum of this monolayer structure is a band assigned to r
-
.  Because 
methylene groups are aligned with transition moments in the plane of the surface and 
with local symmetry through the center of each carbon-carbon bond, contributions to 
χ
(2)
 from adjacent groups cancel leading to no net surface nonlinear susceptibility. 
 A second way in which alkane molecules can adsorb to the silica/vapor 
interface is to lie flat along the surface.  In this case, adsorbed alkanes may lay flat 
with little correlation between adjacent molecules, or lay flat but have long range 
order due to chain-chain interactions that align adjacent adsorbed molecules relative 
to each other.  These two possibilities would necessarily lead to differences in the 
VSFG spectral features acquired under different polarization conditions.  A 
monolayer of randomly oriented alkane molecules at the silica/vapor interface would 
show very little intensity in SFG spectra acquired under any polarization condition.  
Typically, a lack of polar ordering amongst alkane chains in the monolayer would 
lead to only small intensities from features regardless of experimental polarization.  
However, if the adsorbed monolayer both lays flat and is well ordered (i.e. lying with 




corresponding spectra should show strong features that will indicate if the C2 axes of 
methylene groups are normal or parallel to the interfacial plane.  Expected features in 






, and possibly r
-
.  Furthermore, 
systematic changes in specific bands associated with the methyl stretching vibrations 
would be anticipated as a function of chain length.  For example, fully extended n-
octane has two methyl groups pointed in different directions, as defined by the axis of 
the molecule.  Fully extended n-nonane, being one carbon longer, has both methyl 
groups pointed in the same relative direction.   
 
Figure 3.4.  Schematic picture detailing possible flat orientations of octane and 
nonane adsorbed to the silica surface.  The panels detail: a) octane lying flat with 
vertically oriented methyl groups, b) nonane lying flat with vertically oriented methyl 
groups, c) octane lying flat with C-C-C bonds in the interfacial plane, and d) nonane 
lying with carbon bonds in the surface plane.  Superimposed are the vector directions 
of the methyl symmetric stretch transition moments. 
 
This difference in methyl group orientation will lead to destructive (octane) or 
constructive (nonane) interference of the r
+
 band.  Octane, with its chain in a fully 
extended conformation, has the transition moments of the methyl symmetric stretch 
equal in magnitude, but opposite in sign.  Therefore, if octane molecules adsorb in 




flat but with methylene groups projected into/out of the surface (like the upper panel 
of Figure 3.4), one might expect partial cancellation of SFG signal.  In principle, this 
cancellation could be quantitative, but the methyl group interacting more directly with 
the silica surface will see a different environment from the methyl group directed 
away from the surface.    Nonane, on the other hand, might have a small signal due to 
methyl group cancellation if standing upright, but not if the molecule lays flat with 
both methyl groups preferentially oriented into or out of the silica surface, as seen in 
Figure 3.4c.  Nonane having a significantly larger r
+
 intensity than octane in the SSP 
spectrum could arise either from increased surface coverage – unlikely given 
nonane’s slightly larger size - or from molecules fully extended laying flat along the 
interface.  Comparing the normalized spectral intensities in SSP spectra from octane 
and nonane adsorbed to the silica/vapor interface shows the r
+ 
band in the octane 
spectrum to have only 15 percent of the intensity that appears in the nonane spectrum.  
Comparing results from films of decane and undecane adsorbed to the silica surface 
reinforces this interpretation. 
 Quantitatively comparing signal intensities between different systems of 
similar molecules adsorbed to the silica/vapor interface is made possible by carefully 
monitoring the instrument response to a known interfacial standard having an 
invariant signal for a given experimental conformation.  The r
+
 signal from DMSO 
adsorbed to the silica/vapor interface has been well characterized, and used as an 
internal reference in previous studies.
36
  In order to maintain reproducible signal 
intensity to within 10 percent, the spectrum of DMSO adsorbed to the silica/vapor 




different days of the silica/vapor interface with DMSO adsorbed are shown in Figure 
3.5.  This level of reproducibility is typical provided that the overall alignment of the 






















Figure 3.5.  PPP spectra of the silica/vapor interface with a monolayer of DMSO 
adsorbed. 
 
Figure 3.6 shows the PPP, SSP, and SPS spectra of octane, nonane, decane, 
and undecane adsorbed to the silica/vapor interface.  All four spectra for each 
polarization combination appear qualitatively similar, although several general trends 
do emerge.  First, the integrated intensities of the SSP spectra for both nonane and 




alkanes have much larger out of plane nonlinear susceptibilities than even length 
alkanes at the silica/vapor interface.  A similar correlation can be made from the SPS 
spectra of these systems.  Both the PPP and SSP spectra are dominated by two bands 
with approximate center frequencies of 2875 and 2945 cm
-1
.  Additional features 
appear in SSP spectra of nonane and undecane.  SPS spectra are weaker and show a 
pair of features for octane and decane at 2925 and 2960 cm
-1
.  The SPS spectrum of 
nonane shows only the higher frequency feature.  The SPS spectrum of undecane 
shows no features.  All line positions and peak intensities are summarized in Table 
3.1.  Despite having similar IR and Raman spectra, these n-alkanes adsorbed to silica 
surfaces have decidedly different SFG spectra indicating that these molecules are 

































Figure 3.6.  VSFG Spectra acquired under PPP, SSP, and SPS polarization conditions 





In general, SSP spectra are generally the simplest to interpret because this 
polarization combination samples only a single element of the χ
(2)
 tensor and requires 
that molecular vibrations at the surface have a net projection of their IR transition 
moments along the surface normal.  Three features appear in SSP spectra, and are 
assigned to a methylene symmetric stretch (d
+
) at 2845 cm
-1
, a methyl symmetric 
stretch at 2875 cm
-1
, and a band centered around 2945 cm
-1
 that could could contain 
contributions from both a methyl symmetric stretch Fermi resonance (r
+
FR), and the 




  Typically, spectra with this combination of features 
arise from interfacial methyl groups having some degree of long range order 
projected along the surface normal.
38,39
  The d
+
 feature appearing in the SSP spectrum 
can result either from gauche defects in chains aligned along the surface normal or 
from chains aligned parallel to the surface with methylene groups pointing alternately 
up and down.  The fact that the r
+
 intensity shows a significant even-odd effect 
supports a model where the molecules adopt an all-trans conformation lying flat along 
the surface. 
Notable in the SPS spectra is a qualitative difference in the spectral features 
present for systems with an even or odd number of carbons in the alkyl backbone.  
SPS spectra of octane and decane reproducibly include a broad feature that covers 




.  Any contribution from r
+
FR is discounted 
because of the absence of a feature at ~2875 cm
-1
.  The spectrum of nonane adsorbed 
to the silica/vapor interface contains only one narrower peak that can be assigned to r
-
 




spectra probe vibrations having a net projection of IR transition moments in the plane 




 normal mode transition moments are 
orthogonal, the r
-
 band is usually expected in an SPS spectrum when r
+
 appears in the 
corresponding SSP spectrum.  Methylene bands appearing in these SPS spectra are 
also expected, based on the features present under other polarization combinations.  
Specifically, intensity assigned to d
+
 in SSP spectra indicates that the molecules lie 
flat such that the C-H bonds of the methyl groups point into and out of the surface as 
in the upper panel of Figure 3.4c.  This conformation at the interface also requires 
that the d
-
 IR transition moment lie in the plane of the surface.  Though these features 
are not consistent for all systems, and have relatively weak SFG intensities, their 
presence provides strong evidence in support of the alkanes adsorbed at the 
silica/vapor interface laying flat with methylene and methyl groups sticking into or 
out of the surface, rather than parallel to the interface. 
Interpreting PPP spectra requires more careful treatment.  According to 
Equation 4, spectra acquired under PPP polarization conditions should reflect 
contributions from non-zero elements of the surface nonlinear susceptibility.  At first 
glance, one might assume this to mean that all features present under other 
polarizations must also be in the PPP spectrum, however data here show that while 
the d
+
 band is assigned to features found in several SSP spectra, it is notably absent 
from all spectra acquired under PPP conditions.  The presence of d
+
 under SSP 
conditions, and this band’s absence in SPS show that the χ
(2)
iiz and  χ
(2)
izi are nonzero 
and zero, respectively, where i=x or y.  χ
(2)
zii  will also be zero given the assumed 
symmetry of the Raman polarizability tensor.  Thus the cancellation of d
+




PPP spectra must result from χ
(2)
xxz and  χ
(2)
zzz.  Careful inspection of the expression 
describing intensity observed in a PPP spectrum (Equation 4.4) shows that two 
separate terms sample vibrational modes having a projection of their IR transition 




zzz.  Scaling these terms are the 
Fresnel factors and angles of incident and scattered fields.  Under the experimental 
conditions of our assembly, these experimental factors can cause the two χ
(2)
 terms to 
interfere constructively.  Therefore, the difference in sign must arise from the 
nonlinear susceptibility elements themselves.  More specifically, the factors 
weighting these χ
(2)
 elements in Equation 4 are IRvisSFzzxxxx LLL  sincoscos  for 
χxxz and  IRvisSFzzzzzz LLL  sinsinsin for χzzz.  Considering the angles for 
counterpropagating sample geometry (θSF= -35º, θvis= 64º, θIR= -54º),  one can readily 
see that both pre-factors have a positive sign, and that cancellation is due to opposite 
signs for the respective nonlinear susceptibility elements.  This result agrees with 
findings from Moad and Simpson, whose detailed analysis of selection rules for 
nonlinear optical spectroscopy predicted that these two elements of the susceptibility 
tensor must be opposite in sign.
40
  
Data presented here stand in contrast to VSFG results from the neat alkane 
liquid/vapor interface.
32
  Previous results showed that alkanes at liquid/vapor 
interfaces show more out of plane disorder with increasing chain length, as evidenced 




 ratio and the absence of any clear even-odd intensity pattern.  
In the liquid/vapor studies, the proposed structure that gives rise to such spectra 
requires that molecules adopt a conformation having (at least) one methyl group 
directed toward the vapor phase with a net r
+




surface normal.  However, the liquid/vapor systems did show evidence of persistent 




 ratio that scales with statistical 
limits, and SPS spectra that are consistent with an ordered molecular layer.   In 
contrast, spectra of alkanes adsorbed to the silica/vapor interface show relatively 
weak SPS spectra that depend more on the number of carbons in the alkyl chain 
(even-odd) rather than the overall chain length itself.  Comparing this previous study 
with results presented in this work, we see two separate organizational structures, one 
governed only by intermolecular forces between identical interfacial species, and 




 To summarize, results presented here include VSFG measurements recorded 
using a broadband counterpropagating beam geometry spectrometer, of linear C8-C11 
alkanes adsorbed to the silica/vapor interface.  Analysis of the vibrational bands 
present under different experimental polarization conditions and relative intensities 
between systems under the same polarization suggests that the molecules lie flat on 
the surface, with carbon-carbon bonds sampling an orientation that has some net 












Table 1.  Band assignments, frequencies and relative intensities of features from 
acquired SFG spectra of octane, nonane, decane and undecane at the silica/vapor 
interface.  Recorded is the frequency in cm
-1
 of the maximum intensity of each 
feature, and  that feature’s maximum absolute scaled intensity. The even-odd effect is 
reflected When the peak intensities for all features in each spectrum are added.  
Octane, nonane, decane, and undecane have total SSP peak intensities of 0.40, 3.34, 
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Chapter 4: Octanol Isomer Structure at Interfaces 
 
4.1  Introduction 
Understanding the intermolecular interactions responsible for solvent structure 
and organization at liquid interfaces has direct impact on many fields including 
biochemistry, electrochemistry, and separation science.  The structure and ordering 
present at liquid interfaces will depend upon a balance of asymmetric forces between 
the two bulk phases as well as lateral interactions between the surface species 
themselves.  Numerous techniques have evolved to probe liquid structure at interfaces 
including x-ray and neutron scattering, as well as nonlinear optical spectroscopies.
1-14
  
Most of the systems previously studied have been relatively simple, meaning that the 
liquids themselves are small molecules, and/or films adsorbed to the interface are 
ordered in Langmuir-like monolayers.
5,7,15
  Surprisingly little attention has focused on 
the organization of asymmetric molecules at interfaces, despite the prevalence of 
these species in natural product and synthetic surfactant systems.  Here the term 
asymmetric describes any molecule having C1 point group symmetry.  These systems 
are particularly difficult to model at surfaces because of the subtle and competing 
forces responsible for interfacial organization.  Strong intermolecular interactions 
between interfacial molecules, as well as with the adjacent phases, can lead to small 
changes in overall surface energetics and dramatically different organizations.  For 
example, results have shown that self assembled monolayers of alkane thiols on gold 
exhibit large variations in molecular tilt depending on the length of the molecule.
16
  




meaning that changes in interfacial structure arise due to small differences in van der 
Waals interactions between adjacent adsorbates. 
At solid/vapor or liquid/vapor interfaces, the considerations of forces 
responsible for adsorbate structure and organization are relatively simple.  Molecules 
adsorbed in a single layer or less on a solid substrate can interact only with the rigid 
solid surface and with other adsorbates.  The solid/liquid interface becomes more 
complicated however, since here the opportunity exists for fast exchange between 
surface species and the bulk liquid.     On solid surfaces, adsorbate organization 
follows the registry of the underlying substrate.  Thus, there have been numerous 
studies of the interactions of molecules, both chemisorbed and physisorbed onto solid 
interfaces.
17-20
  A large number of studies have sought measure the long range order 
and structure and orientation of long amphiphilic or surfactant molecules adsorbed to 
the liquid interface and found that conformational order increases dramatically with 
chain length.
16,21-24
  The structure and organization of liquid surfaces has been 
investigated by nonlinear optical spectroscopy,
5,11,25
 x-ray and neutron scattering 
experiments,
7,8,10
 as well as molecular dynamics simulations.
26-28
  Typically, 
scattering experiments infer the position of molecules through constrast in electron or 
atomic density measurements, while spectroscopic results show the orientation and 
local environment of molecules at an interface.
3,6-8,12-14,29
  Despite all of the progress 
in the area of molecular surface science, however, we still lack a general, predictive 
understanding of what types of interactions dominate surface organization of 




Such an understanding is essential for predicting the structure and properties 
of a large number of naturally occurring systems.  For example, cell plasma 
membranes are two-dimensional assemblies that typically contain up to 25 different 
lipids having different head groups and different degrees of unsaturation in the acyl 
chains.
30,31
  Of these ~25 lipids only 4-5 will be dominant and the identity of these 
lipids varies from cell type to cell type.  Despite this opportunity for highly variable 
and heterogeneous structures, nature has conspired to bring together well defined, 
reproducible collections of lipids having specific shapes and interactions in order to 
confer well defined properties and functionality to different types of cell plasma 
membranes.
32-37
  In addition to the biological questions surrounding molecular 
structure and organization in two dimensions, many naturally occurring atmospheric 
processes depend on the surface adsorption of small organic molecules to aerosol or 
dirt particles in the marine boundary layer.
38-40
   Again, these adsorbates are likely to 
be asymmetric but somehow they must organize to minimize the particle’s free 
energy. 
Studies described in this chapter examine the structure and organization of 
octanol isomers at solid/vapor, solid/liquid, and liquid vapor inerfaces.  Motivating 
these experiments are previous nonlinear spectroscopic results that showed 
heterogeneous interfacial polarity at the aqueous/n-alcohol and silica/n-octanol 
interfaces.
41,42
  In this prior work, resonance enhanced second harmonic generation 
was used to examine the interfacial polarity surrounding solvatochromic solutes 
adsorbed to the liquid/liquid and solid/liquid interfaces.  As the distance increased 




charged head group, the solvation environment across liquid/liquid interfaces changed 
from very polar (aqueous-like), to nonpolar (alkane-like), then back to moderately 
polar (octanol-like).
42
  This result was interpreted in the context of a Langmuir-like 
monolayer of octanol molecules that formed the first layer of the organic solvent.  
Interfacial polarity at the silica/octanol solid/liquid interface has also been shown to 
be heterogeneous, with solvatochromic solutes at that interface having populations 
that sample both extremely polar and nonpolar environments.
41
  These results lead 
one to predict that a 1-octanol solvent in contact with a silica interface forms a 
Langmuir-like monolayer film  in the first solvent layer with the –OH functional 
groups of the solvent hydrogen bonded to the surface silanol groups and the long 
alkyl chains well ordered due to van der Waals interactions.  Such an arrangement 
would create a nonpolar region between a polar surface and a bulk solvent having a 
medium static dielectric constant (ε ~10.5).   
Consistent with these inferences are spectroscopic and thermodynamic 
measurements of 1-octanol monolayers formed at the aqueous/vapor interface from 
solutions saturated with the alcohol.  Data from these studies provide clear evidence 
of a tightly packed, well ordered monolayer with adsorbed molecules adopting an 
upright orientation with little or no conformational disorder.
43
  AFM measurements 
also show that 1-octanol monolayers adsorbed to the mica solid/vapor interface form 
close packed monolayers and not bilayers.
44
  Both of these experimental studies have 
been bolstered by findings from molecular dynamics simulations of 1-octanol at 
different solid/vapor and aqueous/vapor interfaces.
45,46
  In contrast, monolayers of 2- 




monolayer coverage, these isomers form more expanded monolayers that minimize 
hydrophobic interactions between the long and short alkyl segments and the aqueous 
subphase.
43
  This finding is consistent with additional studies of solvent polarity at 
aqueous/3-octanol interfaces that found the nonpolar region to extend a shorter 




Implicit in the studies of polarity across the silica/octanol and aqueous/octanol 
buried interfaces was an assumption that the octanol structure at the aqueous/vapor 
and silica/vapor interfaces closely resembles the structure of the first layer of solvent 
at the corresponding buried interfaces.  However, resolving questions about 
interfacial solvent structure requires knowing explicitly how solvent molecules in 
contact both with the neat liquid and with the adjacent polar, solid phase organize 
themselves in two dimensions.  Scattering methods can examine some aspects of 
interfacial structure, including solvent density, roughness, and interfacial 
width;
7,8,10,14,47,48
 however these techniques lack the ability to sample directly the 
interactions between molecules that are responsible for interfacial structure and 
organization.  Using vibrational sum frequency spectroscopy (VSFG), a surface 
specific, second order nonlinear optical method, experiments described in this chapter 
measure directly octanol isomer structure and orientation at the solid/vapor, 
solid/liquid, and liquid/vapor interfaces.  Doing so allows us to quantify interfacial 
solvent organization, as well as extrapolate how the balance of forces between phases 
and between interfacial species leads to changes in molecular ordering at these 




three interfaces, we can show that the ability of these solvent molecules to form 
ordered layers depends on interactions between the substrate and the solvent, 
interactions between the solvent and neighboring molecules, and the inferred dynamic 
exchange of solvent molecules between the interfacial and bulk regions of the liquid. 
4.2  Experimental 
VSFG is an ideal tool to measure the structure and orientation of interfacial 
solvent molecules.  The technique is sensitive only to those molecules subject to 
interfacial anisotropy, and different polarization conditions described below allow 
experiments to selectively probe the orientation of specific functional groups.  The 
origin of the technique’s surface specificity has been described in Chapter 3, and will 
be omitted here.   
SFG spectra were collected using a broadband, counter-propagating geometry 
SFG spectrometer that has been described in Chapter 3.  This sample geometry allows 
for easily changing between the solid interfaces and the neat liquid.  The solid/vapor 
and (solid/liquid) spectra were acquired after putting a drop inside (filling) of the 
quartz cells, and letting the system equilibrate.  The neat liquid/vapor spectra were 
recorded from the open-to-air liquid interface in a clean dish.  Typically, we record 
SFG spectra for 1-4 minutes at each central IR wavelength, then shifted the laser 50 
nm and acquired again.  This procedure leads to 8 broadband wavelength scans per 
spectrum.  All spectra were normalized to the instrument response measured by the 
nonresonant spectrum acquired from the gold/vapor interface, and calibrated by 
placing a polystyrene card in front of the gold surface along the IR path.  Four points 




wavelength calibration, leading to an accuracy in reported frequencies on the order of 
± 2 cm
-1
.  While absolute intensities of spectra from different systems cannot be 
compared quantitatively, relative intensities of bands within the same spectrum 
typically reproduced to within 10 percent. 
In addition to spectroscopic measurements of octanol films adsorbed to the 
silica/vapor interface, thermogravimetric analyses (TGA) of similar systems were 
also performed.  In these experiments, silica gel particles were exposed to a saturated 
alcohol vapor for several hours.  The samples were then loaded into the TGA 
instrument and the mass loss was measured as a function of temperature and time as 
the temperature was elevated slowly.  Silica gel was used as purchased and allowed to 
equilibrate with octanol isomer vapor for several hours prior to sample loading.  A 
Thermal Advantage Q500 was used for TGA analysis.  Approximately 15-20 mg of 
the sample was loaded into a platinum weighing boat.  In a typical experiment, the 
samples were allowed to equilibrate at 16º C before the sample was heated at 2ºC/min 
to 200º C and then held isothermally for 2 hours. Ultra high purity N2 was used in all 
experiments. 
To compare interfacial free energies of different octanol isomers, surface 




4.3  Results  
Figure 4.1 shows the VSFG spectra of 1-octanol adsorbed to the silica/vapor 
interface for three different polarization combinations.  The spectra show three 












, and the methyl asymmetric stretch (r
-
 near 2955 cm
-1
).  Smaller, low 
intensity peaks at 2840 and 2925 cm
-1
 in the SSP spectrum are assigned to alkyl 
methylene symmetric stretch (d
+
) and asymmetric stretch (d
-
), respectively.   




FR  in the SSP spectrum and r
-
 in 
the SPS spectrum are consistent with well ordered monolayers whose alkyl chains 
stand upright with few, if any, gauche defects.  Closer inspection of relative band 
intensities indicates that the 1-octanol monolayer adsorbed to the silica interface is 
less well ordered than monolayers formed by comparable length alcohols adsorbed to 





FR  features in the SSP spectrum.  For tightly packed n-alcohol 




FR ratio is 
approximately 3-4.
43




FR  ratios 
closer to unity.
43,52
  If one considers the area per surface silanol group on hydrophilic 
silica to be approximately 33-40 Å
2
/silanol, an estimate based on NMR analysis of 
deuterium exchanged silica gels, and assume that each site is occupied by a single 
octanol,
53
 then the predicted surface concentration of a 1-octanol monolayer at the 











































Figure 4.1. VSFG Spectra of 1-octanol adsorbed to the silica/vapor interface.  The 
top spectrum, in black, was acquired under PPP conditions, the red spectrum in the 
middle, and the blue spectrum at bottom under SSP and SPS conditions, respectively.  
This order and color scheme is consistent for all spectra shown here.  Also shown, 
and labeled, are dashed lines corresponding to the frequencies reported for the methyl 
symmetric stretch (r+), methylene asymmetric stretch and methyl Fermi resonance (d-
/r+FR), and methyl asymmetric stretch (r-).  Relative intensities between spectra 





Comparing the spectra of 1-octanol adsorbed to the silica/vapor interface to 
those of other octanol isomers adsorbed to the same surface (Fig. 4.3) shows few 













































































































Figure 4.2.  VSFG Spectra of 1-,2-, and 3-octanol acquired under PPP, SSP, and SPS 
polarization conditions.  Each spectrum represents the sum of 8 separate one minute 
acquisitions that have been normalized to the instrument response as measured by the 
nonresonant SF signal acquired from the neat gold surface. 
 
This result contrasts with spectra recorded of octanol isomer monolayers at the 
aqueous/vapor interface, in that 2-, and 3-octanol having a higher corresponding 
surface areas showed changes in relative band intensities consistent with 




  One might naively assume alcohol structure at the aqueous/vapor and 
silica/vapor interfaces to be similar.  At both surfaces adsorbed octanol can form a 
strong hydrogen bond with the adjacent phase.  One major difference between the two 
interfacial systems, however, is that at the aqueous/vapor interface the adsorbed 
alcohol hydroxyl group is solvated, and  branched alcohols must then decide whether 
or not to solvate the short alkyl segment.  Previous results show that 2-hexadecanol 
adsorbed to the aqueous/vapor interface remains linear and tightly packed 
(~23 Å
2
/molecule) with a solvated methyl group.  In contrast, 2-octanol adsorbed to 
the aqueous/vapor interface forms more expanded monolayers at terminal surface 
coverage (41 Å
2
/molecule).  At silica surfaces, the hydroxyl group is hydrogen 
bonded to the substrate but cannot be solvated.  Conformational defects for 2- and 
3-octanol are unavoidable, and the octanol hydroxyl group can only enjoy close 
contact with the surface, not complete solvation.  Despite the differences between 1-, 
2-, and 3-octanol adsorbing to the interface, however, the data in Figure 4.2 show no 
apparent change in the major spectral features other than the small intensity growth of 
the d+ band.    
 Several factors will control octanol surface coverage at the aqueous/vapor and 
silica/vapor interfaces.  Not least among them are the number of available hydrogen 
bonding sites.  Hydroxyl group density at the hydrophillic silica surface has been 
reported as high as 70-80% of all surface Si-O structures, giving an average 




  Surface tension 
measurements of aqueous solutions saturated with 1-octanol show that some octanol 




surface coverages corresponding to 20 Å
2
/molecule.   Assuming that the strongest 
interaction between adsorbed octanol and the silica surface is hydrogen bond 
donation from the silica, and assuming a 1:1 silanol to octanol association, the 
monolayer formed at the solid/vapor interface is expected to be less densely packed, 
allowing for greater disorder within the self assembled monolayer.  In order for 2-, 
and 3-octanol to interact with surface silanol groups through hydrogen bond 
formation, and have the long alkyl segments directed along the surface normal, the 
adsorbed species must disorder. One reason that the spectra of 1-, 2- and 3-octanol 
films formed at the solid/vapor interface have such similar spectra is that 2- and 
3-octanol may actually both adopt conformations having gauche defects and still form 
monolayers with small enough surface area per monomer to hydrogen bond with all 
available silanol groups.  Previous work has shown that the molecular footprint of 2- 





  These branched isomers adsorbed to the silica/vapor interface 
can form more expanded layers yet still strongly associate with all available sites on 
the substrate.  
 We believe that the disorder induced in adsorbed 2- and 3-octanol monomers 
results in lower surface coverage than for 1-octanol.  This claim is based upon TGA 
measurements of adsorbed octanol films at the silica/vapor interface, shown in Figure 
4.4.  These experiments measure the mass (by percent) lost from small silica particles 
with octanol adsorbed from the saturated vapor.  TGA results show that more than 
twice as much 1-octanol is initially adsorbed to the silica gel particles compared to 2-, 




approximately half the surface coverage as linear alcohols.  The same observations 
also appear to be true for branched alcohols adsorbed to the solid/vapor interface. 
Additional similarities between the aqueous/vapor and silica/vapor interfaces come 
from the VSFG spectra of branched octanols at both boundaries that are characterized 
by a modest increase in d+ band intensity, much like spectra acquired from the 
silica/vapor interface.  Growth of this feature requires a net polar ordering of solvent 






























Figure 4.3.  TGA data showing mass loss from silica gel particles with adsorbed 





 When considering solvent structure at solid/liquid interfaces, one can wonder 
if the first layer of solvent molecules resembles that of the monolayer adsorbed to the 
silica/vapor interface.  Another way of framing this question is to wonder what role 
an adjacent, dense, mobile, polar phase has on the structures of interfacial solvent 
species.  Previous studies have shown that the structures of surfactant monolayers 
chemisorbed to silica/liquid interfaces depends on the identity and packing efficiency 
of the liquid phase.
56
  To address these questions about solvent structure at 
solid/liquid interfaces, we filled the cells so that the liquid was in direct contact with 
the silica surface and acquired new SFG spectra.  Comparing the SFG spectra of 
1-octanol from the solid/vapor to those from the solid/liquid interfaces we find that 
some degree of molecular ordering persists, but that the liquid/solid interface is 
considerably more disordered than the solid/vapor interface (Figure 4.4).   The SSP 
spectrum still shows some intensity that we attribute to r+, however the methylene SS 
(d+) and the methylene AS (d-) bands have also begun to make significant 
contributions to the SFG spectrum.  Furthermore, the SPS spectrum still only has one 
feature, which has shifted and now appears with a frequency corresponding to the d
-
 
band.  Collectively these spectra imply that interfacial solvent structure is not as 

































































Figure 4.4.  Comparison of the VSFG spectra acquired from the silica/vapor interface 
with 1-octanol adsorbed and the silica/liquid interface formed between the solid and 
liquid 1-octanol.  The silica/vapor spectra are reprinted from Figure 4.1.  Acquisition 
time for the silica/liquid spectra was 4 times longer than the silica/vapor. 
 
At the silica surface, one can reasonably expect interfacial octanol species to have 
strong hydrogen bonding interactions with the silica substrate and modest van der 
Waals interactions between the chains.  Nevertheless, the SFG spectra show a 
considerable amount of conformational disorder in the solid/liquid spectra as 
evidenced by the growth of the d
+
 band relative to the r
+
 band and the overall loss of 
signal intensity beyond the ~2 fold reduction attributed to refractive index 
considerations.  Assigning loss of signal intensity to a loss of order is not always a 




structure at the interface with opposing layers having opposite orientations.  
However, this explanation is not supported by polarity measurements across 
aqueous/octanol interfaces, where polarity converges to the bulk limit on a scale 
comparable to the length of one interfacial octanol molecule.  Furthermore, if the first 
layer of adsorbed solvent is not packed as closely as tightly packed monolayers, we 
would expect the second layer to partially penetrate into the first solvent layer, 
leading to an increase in interfacial disorder.  We note that one series of MD 
simulations has predicted multilayer structure extending further away from the 
interface,
45
 but these simulations stand in contrast to other simulations and related 
scattering experiments.
57
  A second source of low VSFG intensity - rapid dynamic 
exchange between surface and bulk is considered below and thought to be not 
important.  Thus we conclude that the silica/1-octanol solid/liquid interface possesses 
some degree of solvent ordering, but the presence of a liquid leads to significant 
disordering relative to 1-octanol monolayers at the silica/vapor interface. 
 When we compare the spectra of 1-octanol at the silica/liquid surface to those 
of 2-, and 3-octanol, we see that the loss of interfacial order and monolayer molecular 
structure becomes even more pronounced. Spectra from both 2-octanol and 3-octanol 
at the silica/liquid interface show an almost total absence of long range order within 
the interfacial region.  The silica/3-octanol PPP and SSP spectra show only intensity 
in the region of the methyl AS (r
-
).  No signal rises above the baseline in the SPS 
spectrum.  These data are consistent with a very disordered layer at the interface, 




correlation between individual monomers.  Such a picture predicts very little, if any 






































































Figure 4.5.  VSFG spectra of the silica/liquid interfaces made by bringing 1-,2-, and 
3-octanol into contact with hydrophilic silica.  Shown on the silica/1-octanol 
spectrum are the asignments for the d+, r+, d-, and r-, respectively.   
 
A second possible source of interfacial disorder could be dynamic exchange 
between interfacial solvent and solvent from the bulk phase.  Fast exchange 
necessarily requires weak surface-solvent interactions and would lead to little 
structural correlation between interfacial solvent species.  However, this explanation 
is not supported by data from the liquid/vapor interface (vide infra) or from TGA 




gel particles compared to 1-octanol but the temperature dependence of the mass loss 
profiles are very similar, indicating that on a per-monomer basis, the substrate-
adsorbate interactions are of similar strength for all isomers.   
To understand better how dynamic exchange might disrupt interfacial 
structure, we acquired VSFG spectra from the neat 1-,2-, and 3-octanol/vapor 
interfaces. (Figure 4.6)  Data from all three systems are consistent with an interfacial 
region having noticibly more order than the solid/liquid interface.  Strong intensity in 
SSP spectra from the r
+
 and r+FR implies a net polar ordering with chain ends pointing 
in a vertical direction, although intensity assigned to the d
+
 suggests the 1-, 2-, and 
3-octanol/vapor interfaces are less well ordered than the standard benchmarks of 
upright, long alkyl chain monolayers.  The only feature appearing in SPS spectra is 
assigned to the r
-
, again consistent with the interfacial solvent being moderately well 
ordered with methyl groups directed along the surface normal.   In the absence of a 
strongly associating polar substrate, only surface tension forces are responsible for 
keeping molecules confined to the interfacial region.  Of the three isomers, 
1-octanol’s measured surface tension is largest (27.5 ± 0.5 mN/m
2
), followed by 2- 
and 3-octanol’s measured surface tensions of 26.3 and 25.7 ± 0.5 mN/m
2
, 
respectively.  Such similarity leads us to expect similar structure and organization 
between the isomers at liquid/vapor interfaces.  More importantly, one expects 
exchange between the interface and bulk to be most facile at the liquid/vapor 
interface, yet these interfaces evince noticeably more polar ordering than the 




associating liquid solvent, the silica surface appears to disrupt the ability of the 































































































Figure 4.6.  VSFG spectra of the liquid/vapor interfaces of 1-,2-, and 3-octanol.  
Shown on the are the asignments for the d+, r+, d-/FR, and r-, respectively.   
 
Directly comparing these data to solid/liquid measurements, the most striking 
difference is the increased ordering that occurs when moving from the silica/3-
octanol to the 3-octanol/vapor interface.  3-Octanol is the least ordered at the 
solid/liquid interface, although its liquid/vapor interface is consistent with a 
moderately high degree of organization.  These results are consistent with other 
spectroscopic studies, and molecular dynamics simulations that show order and 







4.4  Discussion 
Data presented above show that a given isomer can organize in a variety of 
ways at different interfaces.  Furthermore, at a given interface (solid/liquid or 
solid/vapor or liquid/vapor) different isomers will adopt different structures to 
minimize interfacial free energy.  Molecular structure and organization at interfaces 
will be determined through a balance of competing forces.  For example, a single 
1-octanol molecule adsorbed from the gas phase to a silica surface will lie flat in 
order to maximize both hydrogen bonding opportunities and van der Waals contacts.  
This phenomenon is evidenced by similar observations that show conformational 
disorder in low density monolayers of long chain alkanethiols chemisorbed to the 
silica/vapor interface.
58
  However a monolayer of 1-octanol molecules will minimize 
it’s free energy by allowing all monomers to hydrogen bond with the surface and take 
advantage of chain-chain van der Waals interactions resulting in monomers tightly 
packed with all-trans conformations. 
In this instance, the monolayer formed at the silica/vapor interface is expected 
to be very stable because desorption would require breaking both the hydrogen bonds 
formed with the surface and losing the attractive chain-chain van der Waals 
interactions.  In contrast, the barrier to 1-octanol desorption from the solid/liquid 
interface should be much smaller because the penalty paid during desorption can be at 
least partially recouped through solvation in the 1-octanol bulk liquid.  The 
persistence of some interfacial order at the silica/1-octanol solid/liquid interface 




energy of solvation.  The more pronounced lack of order at the silica/2- and 3-octanol 
solid/liquid interfaces implies that solvent-solvent interactions in bulk are markedly 
stronger than interactions between monomers and the surface and between adsorbed 
monomers themselves. 
 Determining the free energy of adsorption for an octanol molecule moving 
from the bulk liquid to the silica/liquid interface is challenging.  In principle such 
information could come from experiments that determine heats of immersion, but 
such measurements are scarce in the literature and not systematic in the specific 
solid/liquid combinations sampled.
59-61
  Furthermore, studies that do exist often 
compare small molecules not relevant to this work, and results depend on sample 
choice and preparation,
62
 making comparisons between studies unreliable. 
 The heat of adsorption from the liquid is also difficult to model directly 
because this quantity reflects the energy required to dissociate from the surface (a 
positive number), the energy required to break van der Waals contacts with other 
adsorbates (also a positive number that should depend on chain length), and the heat 
of solvation in the bulk (a negative value).  Modeling these quantities accurately is 
difficult.  Instead, we choose to approximate desorption from the solid/liquid 
interface by considering the thermodynamic cycle shown in Figure 4.7.  Heats of 
adsorption from the gas phase onto silica surfaces have been measured, and the heat 
of solvation from the gas phase is simply the negative of the ΔHvap.  What this model 
does not take into account are the lateral interactions between adsorbed monomers.  
Heats of adsorption for linear alcohols are reported for propanol and butanol 
isomers
63




from smaller linear and branched isomers allows us to semi-quantitatively evaluate 
the likelihood that interfacial order observed at the solid/vapor interface will persist at 
the solid/liquid interface. 
 
Figure 4.7.  Schematic representation of the thermodynamic cycle detailing 
adsorption to solid/vapor and solid/liquid interfaces.  If the difference between the 
heat of adsorption from the vapor, and the energy of solvation in the bulk is large 
enough, preserved order is expected at the solid/liquid interface. 
 
For molecules to remain organized at solid/liquid interfaces, ΔHads must be large 
and negative and with a greater magnitude than ΔHsolv.  The most complete data for 
molecules most closely related to octanol isomers studied in this chapter are 
thermodynamic quantities for n- and t-butanol.  The reported heat of adsorption 
values are ~50 kJ/mol and 40 kJ/mol for n- and t-butanol, respectively.
63,64
  Adding in 
the heat of vaporization, which is 52.3 kJ/mol, and 46.7 kJ/mol for n-and t-butanol,
65
 
respectively, we see that the difference between these two values is less positive for 




at the solid/liquid interface, as these values suggest a higher likelihood for molecules 
to want to prefer being in the bulk. Furthermore, studies have shown that the heat of 
immersion for silica gel particles in n-butanol is greater in magnitude (and negative in 
sign) than t-butanol.
66
   
 
4.5 Conclusions 
 This chapter presents VSFG spectra of 1-,2-, and 3-octanol adsorbed to the 
silica/vapor, silica/liquid, and neat liquid/vapor interfaces.  Comparing the vibrational 
modes appearing under certain experimental polarization conditions shows that all 
isomers form ordered monolayers at the silica/vapor interface.  When the bulk liquid 
is brought into contact with that surface, however, a loss of signal intensity at some 
frequencies coupled with increasing band intensities for other vibrational modes 
suggest a greater degree of either static or dynamic disorder.  Vibrational spectra from 
the neat liquid/vapor interface are also consistent with a high degree of 
conformational and organizational order, supporting static disorder over dynamic.  
The ability of order observed in thin films formed at solid/vapor interfaces to persist 
at solid/liquid interfaces appears to correlate with thermodynamic quantities that are 














Tables 4.1-3.  Band assignments, frequencies and relative intensities of features from 
acquired SFG spectra of 1,2, and 3-octanol at the silica/vapor, silica/liquid, and neat 
liquid/vapor interfaces.  Recorded is the frequency of the maximum intensity of each 
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r+ d- r+FR r- 
1-octanol PPP 2845, 
0.40 








 SSP 2842, 
0.56 








 SPS   2921, 
1.00 
  
2-octanol PPP  2882,   
0.69 
  2956, 
1.00 
 SSP  2890,   
0.93 
  2954, 
1.00 
 SPS   2922, 
1.00 
  
3-octanol PPP     2949, 
1.00 
 SSP     2949, 
1.00 
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 SPS     2959, 
1.00 
2-octanol PPP  2885,  
0.41 
  2957, 
1.00 







 SPS     2956, 
1.00 
3-octanol PPP  2885,  
0.47 
  2958, 
1.00 
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Chapter 5:  Effect of Functional Group Identity on 
Interfacial Structure 
 
5.1  Introduction 
A quantitative, predictive understanding of the forces that control molecular 
structure and organization at liquid interfaces is necessary for the development of 
models that can describe a host of naturally occurring and industrially relevant 
processes.  For example, the mobility of pollutants in ground water depend sensitively 
on the strength of their interactions with soil particles.
1-5
  Also, gas uptake kinetics 
across the liquid/vapor interface depend on the structure and identity of interfacial 
species.
6-8
  Corrosion processes and kinetics depend on the interfacial structure of 
water and ions at the metal surface.
9-11
  In fact, self assembled monolayers with 
specifically designed structures are used as surface coatings to prevent corrosion by 
blocking the transport of water and gases to and from the interface.
12-16 
In each case the structure of a liquid or adsorbate at an interface will depend on a 
balance of forces between the two phases as well as lateral interactions between the 
surface species themselves.  These interactions can be diverse, ranging from 
charge-charge to charge-dipole to dispersion forces.  The simplest interfacial systems 
to consider are those between either a solid (having an adsorbed thin film) and vapor 
or a liquid and vapor because the relevant forces are reduced to only those of the 
interfacial species with the subphase and between the interfacial species themselves.  
No long range forces with a dense second phase are present to perturb interfacial 




Thermodynamic techniques can provide insight into the interactions at both solid 
and liquid/vapor interfaces as well as buried interfaces between two condensed 
phases.  From surface tension measurements, one can learn about macroscopic 
energetics at liquid/vapor interfaces (both neat liquid and with adsorbed monolayers) 
as well as liquid/liquid interfaces.
17-19
  Thermogravimetric analysis and temperature 
programmed desorption (TPD) provide information about the strength of interactions 
between the solid surface and adsorbates.
20,21
  Measuring the contact angle between a 
liquid drop and the solid surface can tell us the strength of solid/liquid association.
22,23
   
Ellipsometry can be used to determine film thickness.
24-27
  X-ray and neutron 
scattering experiments provide data about the absolute position of interfacial 
molecules (or changes in properties such as electron or proton density).
28-31
  Only 
optical spectroscopy, however, can probe directly the strength and directionality of 
inter- and intramolecular interactions. 
Experiments presented in this chapter use nonlinear optical (NLO) spectroscopy 
to examine how changes in the strength of solvent-substrate interactions change the 
structure and organization of different functionalized, alkyl liquids adjacent to a 
hydrophilic solid silica surface.  Of particular interest is how the structure of an 
adsorbed film (assumed to be one monolayer thick) differs from the structure of the 
same liquid in contact with silica.  Differences tell us about the relative importance of 
lateral interactions versus interface energetics.  Previous results presented in 
Chapter 3 show that even relatively weak van der Waals interactions between 
adsorbates and with silica are enough to create a measurable amount of 




described in Chapter 4 show that the addition of strong directional interactions such 
as hydrogen bonding increases order in molecular monolayers.  Surface specific 
vibrational spectroscopy measurements presented in this work correlate the degree of 
interfacial order with the type and strength of interaction between different organic 
functional groups of adsorbates at the silica/vapor interface and the silica/neat-liquid 
interface. 
5.2 Experimental 
Vibrational sum frequency generation spectroscopy (VSFG) is an ideal tool 
for measuring the structure and orientation of interfacial solvent molecules.  The 
technique is sensitive only to those molecules subject to interfacial anisotropy, and 
different polarization conditions described below allow experiments to selectively 
probe the orientation of specific functional groups.
25,32-35
  The origin of the 
technique’s surface specificity has been described in Chapter 3, and will be omitted 
here. 
VSFG spectra were collected using a broadband, counter-propagating 
geometry spectrometer that has been described in Chapter 3.  This sample geometry 
allows for easily changing between both different types of samples (solid/vapor vs. 
solid/liquid) as well as between different samples (silica/octanol vs. 
silica/octylamine).  The solid/vapor (solid/liquid) spectra were acquired after putting 
a drop inside (filling) the quartz cells and allowing the system to equilibrate.  
Typically, we record VSFG spectra for 1-4 minutes at each central IR wavelength, 
then shift the laser 50 nm and acquire again.  This procedure leads to 8 broadband 




response measured by the nonresonant spectrum acquired from the gold/vapor 
interface, and calibrated by placing a polystyrene card in front of the gold surface 
along the IR path.  Four points corresponding to known adsorption bands from 
polystyrene were used for a wavelength calibration, leading to accuracy in reported 
frequencies on the order of ± 2 cm
-1
.  While absolute intensities of spectra from 
different systems cannot be compared quantitatively, relative intensities of bands 
within the same spectrum typically reproduced to within 10 percent. 
 
Figure 5.1.   Structures of 1-octanol, octyl cyanide, 1-octylamine, 
N,N-dimethyloctylamine, and octane.  Experiments described in this use these 




Figure 5.2 shows the PPP polarization combination VSFG spectra of 1-octanol, 
octyl cyanide, 1-octylamine, dimethyloctylamine, and octane adsorbed to the 
silica/vapor interface.  The 1-octanol spectrum shows three features assigned to the 






FR at 2940 cm
-1
, and the methyl 
asymmetric stretch (r
-
 near 2955 cm
-1




and octane show two features which can be assigned to the r
+
 band (2876, 2885 and 
2887 cm
-1
, respectively) and the r
-




 for octane). 
The spectra of dimethyloctylamine also has two features, but these are centered at 
2862 and 2935 cm
-1
.  These bands can not be assigned unambiguously, owing to the 
more complicated spectroscopy of this molecule.  Related molecules with alkyl 
groups adjacent to amines, such as trimethylamine, and triethylamine have infrared 
spectra that show spectral shifts toward lower frequencies for the methyl symmetric 
stretching modes, though the r
-
 transition remains in approximately the same location 
as the alkyl limit.
36
  The band appearing at 2862 and in the DMOA PPP spectrum can 




bands, and the feature at 
2935 cm
-1













































Figure 5.2  PPP Spectra of the silica/vapor interface with adsorbed monolayers of 
1-octanol, octane nitrile, 1-octylamine, dimethyloctylamine (DMOA) and octane.  
The higher frequency peak in the DMOA spectrum can be assigned to either a methyl 
asymmetric stretch from the methyl groups adjacent the amine, or to the d
-
.  The 
broad feature centered around 2862 cm
-1
 is likely a combination of methyl and 
methylene symmetric stretches.  Octane and octanol spectra are reprinted from 
Chapters 3 and 4, respectively. 
 
SSP spectra of 1-octanol, octane nitrile, 1-octylamine, dimethyloctylamine, and 













),  and the r
+
FR band at 2940 cm
-1
.  Octyl cyanide, 
1-octylamine, and octane spectra also all have three features with appreciable 
intensity, that can be assigned to the same three vibrational modes, with slightly 
shifted frequencies (2844, 2874, and 2946 cm
-1
).   Again, the SSP spectrum of 
DMOA only exhibits two features, at 2840 and 2920 cm
-1
.  Because these features are 




 bands in triethylamine, they are 




bands, the symmetric and antisymmetric methylene 







































Figure 5.3  SSP Spectra of the silica/vapor interface with adsorbed monolayers of 
1-octanol, octane nitrile, 1-octylamine, dimethyloctylamine (DMOA) and octane. 
 
Figure 5.4 shows SPS spectra of 1-octanol, octane nitrile, 1-octylamine, 
dimethyloctylamine, and octane adsorbed to the silica/vapor interface.   The 1-octanol 
spectrum has only one feature, centered around 2951 cm
-1
, which is assigned to the r
- 




assigned to that same vibrational mode at 2966 and 2961 cm
-1
, respectively.  
DMOA’s silica/vapor SPS spectrum does not contain any feature with appreciable 
intensity, and octane has a broad region of spectral intensity which can be assigned to 










































Figure 5.4  SPS Spectra of the silica/vapor interface with adsorbed monolayers of 
1-octanol, octane nitrile, 1-octylamine, dimethyloctylamine (DMOA) and octane. 
 
The VSFG spectra in Figures 5.2-5.4 share several common correlations.  First, all 







 bands.  Features appearing in SSP spectra can only arise from molecular 
vibrational IR transition moments that have a net projection along the surface normal.  
Therefore, intensity in r
+
 implies that the methyl groups at the ends of the adsorbed 
molecules have a net upright orientation.  Additional analysis of spectra acquired 
under SPS conditions from 1-octanol, octyl cyanide and 1-octylamine leads to a 
proposed interfacial organization at silica/vapor interfaces that has polar ends 
interacting with the substrate and alkyl chains standing upright, normal to the surface.  
As discussed in Chapter 3, the d
-
 in octane’s SPS spectrum is consistent with octane 
lying parallel to the surface.  This result may not be surprising considering that octane 
lacks a polar functional group to interact preferentially with the silica substrate. 
DMOA presents an interesting test of how the balance of forces leads to 
unique interfacial structure.  DMOA can accept hydrogen bonds (like octyl cyanide), 
but can not donate hydrogen bonds (unlike octylamine).  Furthermore, the tertiary 
amine group is sterically hindered and hydrogen bonds accepted from the silica are 
expected to be weaker than those accepted by 1-octylamine.  The spectra show clearly 
the consequences of this structural modification.  Only methylene bands appear in the 
SSP spectrum indicating that adsorbed molecules lie flat at the interface. The data are 
consistent with an ordered monolayer, but one that prefers a horizontal organization 




Though it is not possible in this case to compare absolute intensities from one 
spectrum to another, ratios of relative intensities within each individual spectrum can 
be used to characterize these systems in terms of increasing interfacial order and 
organization.  Previous results show that SSP spectra of tightly packed n-alcohol 




FR ratio is 
approximately 3-4.
37-40
  Assuming this number to be an upper limit for extremely well 
ordered monolayers consisting of upright alkyl chains with virtually no defects, we 
can compare similar intensity ratios from systems studied here.  The three molecules 
in this study that adopt primarily upright orientations are 1-octanol, octyl cyanide, and 




FR ratio for both octanol 
and octyl cyanide is close to unity, while that ratio for the SSP spectrum of 
1-octylamine is approximately 2.  Based on these ratios, we propose that of the three 
species that adopt an overall upright geometry, 1-octylamine forms the most ordered 
monolayer film adsorbed to the silica/vapor interface.  The structures of these 
monomers in Figure 5.1 provide some insight into the mechanisms responsible for 
this result. 
Octyl cyanide can adsorb to silica both through general dipolar interactions and 
through accepting hydrogen bonds from surface silanol groups.  Octanol and 
octylamine can both accept and donate hydrogen bonds.  Octanol can donate a single 
hydrogen bond, and accept two through the oxygen lone pairs.  Octylamine on the 
other hand, can donate two hydrogen bonds and accept only one through the nitrogen 
lone pair.  An additional consideration is that the hydrophobic silica surface has a 
coverage of surface silanol groups corresponding to 33-40 Å
2




silanols show a propensity for donating hydrogen bonds.
39-41
   Previous results show 
that the limiting surface area of tightly packed monolayers of n-octanol at the 




   As discussed in Chapter 4, if each 
silanol hydrogen bonds with a single octanol, octanol monolayers at the silica/vapor 
interface should have limiting surface coverages that are ~50% less tightly packed 
than a full monolayer adsorbed to an aqueous/vapor interface.
43





FR, we believe that a monolayer formed from 1-octylamine is 
more ordered than the monolayer formed by 1-octanol.  1-Octylamine only accepts 
one hydrogen bond, and therefore has more conformational freedom to optimize both 
hydrogen bonding with silica and hydrogen bonding with adjacent neighbors.   In 
contrast octanol is more constrained by requiring the immobile silica surface to 
donate two hydrogen bonds in order to satisfy hydrogen bonding opportunities. 
Solvation at silica surfaces is dominated by hydrogen bond donating 
properties of surface silanols.  (See Chapter 2)  Consequently, n-alkyl amines will be 
more active partners than equivalent n-alcohols in acid-base chemistry occurring at 
the interface.  SHG measurements from  the silica/water interface that show that 
~20 percent of surface silanol groups are acidic with a pKa of 4.5, with the remaining 
80 percent being weakly basic (pKa of ~8.5).
44
  With a pKb of ~3.5-4.5, we expect 
some fraction of adsorbed amines to be more strongly adsorbed than equivalent 
length alcohols.  This population of strongly bound amines can serve to help organize 
additional interfacial solvents that might be less weakly bound to the surface silanol 
groups but can also hydrogen bond to each other.  n-Alcohols do not have such 




ideas are born out by heats of adsorption measured in microcalorimetry experiments.  
For similar sized molecules, amines have the largest adsorption enthalpy, nitriles 
weakest.  For example, results show methylamine’s initial heat of adsorption onto 
silica is ~90 kJ/mol,
43
 methanol has the next largest adsorption enthalpy 
(78 kJ/mol),
45
 and acetonitrile binds most weakly (60 kJ/mol).
46
 
Spectra presented in Chapter 4 show evidence that the structure and organization at 
the solid/vapor interface is not always the best indication that order will persist at a 
solid/liquid interface given the monolayer’s ability to interact with an adjacent liquid 
phase.  Octanol isomers at the solid/vapor interface all appear to form moderately 
well ordered monolayers owing to strong hydrogen bonding interactions with the 
silica substrate as well as possible lateral van der Waals interactions between 
monomers.  At the solid/liquid interface, however, only 1-octanol has VSFG spectra 
consistent with some measure of interfacial order.  Less ordering persists at the 
silica/2-octanol solid/liquid interface, and the silica/3-octanol solid/liquid interface 
shows no evidence of interfacial structure at all.  Even the interfacial 1-octanol at 
silica/liquid interfaces shows less order than does the 1-octanol film at the 
silica/vapor interface.  Given the differences in interfacial organization observed for 
different alkyl species at solid/vapor interfaces, one can wonder how the presence of a 
second dense (liquid) phase affects interfacial order. 
In order to examine how the strength of interactions between liquid molecules and the 
silica surface changes interfacial structure and organization between the solid/vapor 
and solid/liquid interfaces, data presented below include VSFG results of 1-octanol, 




efforts to acquire spectra from the silica/octane interface led to no measured signal, 
implying a disordered interface and/or rapid exchange between molecules at the 
surface and molecules in the bulk.  The PPP spectra of 1-octanol and 1-octylamine 
presented in Figure 5.5 show some similarities, both with each other and with 
solid/vapor interfaces, but the octyl cyanide spectrum now contains a different 
combination of features.  Specifically, in addition to signal intensity at ~2875 and 
2955 cm
-1




, both 1-octanol and 1-octylamine PPP spectra include 
an increase in the intensity at 2840 cm
-1
, that can be assigned to the d
+
 band.  Octyl 
cyanide and DMOA PPP spectra both contain significant contributions to signal 
intensity at 2875 and 2955 cm
-1













































Figure 5.5  PPP Spectra of the silica/liquid interface formed between silica and 
1-octanol, octane nitrile, 1-octylamine, and dimethyloctylamine (DMOA).  Octanol 
spectra are reprinted from Chapter 4. 
 
Spectra acquired under SSP conditions, shown in Figure 5.6 again show some 
similarities and some differences between different functional group-containing 








 at ~2875 and 2955 cm
-1
, as well as d
+
 at 2840 cm
-1
.  The 
silica/1-octanol spectrum differs from 1-octylamine in that it also includes a d
-
 peak at 
2918 cm
-1
.  SSP spectra of octyl cyanide and DMOA both contain weaker intensity 
features at 2875 and 2955 cm
-1





A few observations can be made about the relative changes between the solid/vapor 




FR ratio for 1-octanol is now less than 




 intensity, is evidence of 




FR ratio remains similar to that 
observed from the silica/vapor interface, indicating that interfacial structure in the 









































Figure 5.6  SSP Spectra of the silica/liquid interface formed between silica and 
1-octanol, octane nitrile, 1-octylamine, and dimethyloctylamine (DMOA). 
 
Comparing of the SSP spectra from Figure 5.3 and 5.6 reveals trends that can be 
explained by correlating the strength of substrate-adsorbate interaction with the 
apparent degree of conformational order.  First, a high degree of conformational order 
in monolayers at the solid/vapor interface manifests itself with a strong r
+ 






 to the r
+
FR ratio greater than unity.  Using this criterion, the solid/vapor data show 
that 1-octylamine films at the silica/vapor interface are the most ordered of the 
molecules studied here.  The next most well ordered solid/vapor systems include 
1-octanol and octyl cyanide, which have similar organization.  DMOA lies flat on the 
surface and shows little evidence of extended interfacial order.  At the solid/liquid 
interface, 1-octylamine remains the most ordered of these liquids, with DMOA and 
octyl cyanide now having similar organization and not showing much evidence of any 
extended ordering.  The silica/1-octanol interface falls between the two extremes. 
Silica/liquid SPS spectra of these four molecules, shown in Figure 5.7 support the 
claims made with regards to interfacial structure.  Only 1-octanol, 1-octylamine and 
DMOA show any appreciable signal intensity above the background.   All spectra 
have features at ~2925 cm
-1
, assigned to the methylene asymmetric stretch (d
-
).  As 
described in Chapter 3, this correlation is consistent with alkyl chains laying down 
with methylene groups pointing into and out of the surface. 
Spectra presented here show that relative strengths of interaction between the solid 
surface and different adsorbed solvent molecules can predict qualitatively the degree 
of ordering amongst adsorbates at the solid/vapor interface.  Spectra from 
1-octylamine and 1-octanol reinforce small molecule adsorption measurements 
showing these functional groups to have interaction strengths with silica that are 
similar to each other and larger than nitriles.  All three solvents form moderately well 
ordered monolayers at silica/vapor interfaces, but only 1-octylamine retains the same 
degree of order at the solid/liquid interface.  For VSFG spectra from solid/liquid 




interfacial region.  As explained in Chapter 4, order observed at solid/vapor interfaces 
will persist at solid/liquid interfaces only if interfacial species have an energetically 
favorable mechanism to remain adsorbed.  The heat of adsorption onto silica is 
generally negative, meaning that adsorption from the vapor is thermodynamically 
favored.  The heat of vaporization is, in some limit, a measure of how strongly 
solvent molecules are solvated.  If the difference between these two values is great 
enough (and negative), we expect molecules adsorbed to the surface to remain at the 
interface, even when they are free to exchange with a bulk liquid.  Again, we can 
compare these energetic quantities for small, model molecules containing the same 
functional groups.  Methylamine, methanol, and acetonitrile have heats of 
vaporization of 34.2, 37.5, and 27.0 kJ/mol, respectively.
47
  In the high surface 
coverage limit, heats of adsorption are ~50-70 kJ/mol for methylamine,
43
 60 kJ/mol 
for methanol,
45
 and ~32 kJ/mol for acetonitrile.
46
 The differences in these heats of 
adsorption are much smaller than that between the different heats of adsorption to 
silica.  When we combine the two numbers, however, we see that the different in 
enthalpies of adsorption and vaporization (Δ(ΔH) = ΔHads - ΔHvap) of the three 
solvents is 15-35 kJ/mol for 1-octylamine, 22 kJ/mol for methanol and 5 kJ/mol for 
acetonitrile.  This difference in enthalpies is nothing more than an indicator of 
whether interfacial solvent molecules will remain adsorbed to the surface or desorb 
into the bulk solvent.  Assuming that these quantities simply scale with alkyl chain 
length we conclude that the competition between adsorption and solvation 
interactions for octylamine and octanol are similar and favor adsorption, whereas the 




reorganization observed at the silica/octyl cyanide solid/liquid interface.  We can also 
use these values to suggest an explanation for the lack of signal at the silica/octane 
solid/liquid interface.  At high coverages, octane’s heat of adsorption falls to 
44 kJ/mol
48
 and very close to it’s heat of vaporization (41.5 kJ/mol).
47
  The relative 
difference between these two values is small enough that we expect a very high rate 
of exchange between molecules at the interface and in the bulk, leading to no order 

































Figure 5.7  SPS Spectra of the silica/liquid interface formed between silica and 
1-octanol, octane nitrile, 1-octylamine, and dimethyloctylamine (DMOA). 
 
5.4  Conclusions 
Results shown above show that changes in interfacial structure and organization 
follow trends that track with the nature of solvent-substrate interactions.  The data 
suggest that as both the strength of interaction, and ability of the solvent to sample 




silica/vapor interface will become more ordered.  Data presented here also show that 
more strongly associating monomers, which form more ordered films at the 
solid/vapor interface, are more likely to maintain that long range order and 
organization when the surface is brought into contact with the liquid.  These findings 
correlate with thermodynamic properties of adsorption and solvation.  The difference 
between heat of adsorption and heat of vaporization, Δ(ΔH), can predict which 























Tables 5.1-2.  Band assignments, frequencies and relative intensities of features from 
acquired SFG spectra of 1-octanol, octane nitrile, 1-octylamine, dimethyloctylamine, 
and octane at the silica/vapor and silica/liquid interfaces.  Recorded is the frequency 
of the maximum intensity of each feature, and the ratio of that intensity to the largest 
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Chapter 6: Conclusion 
 
6.1  Motivation 
This dissertation has presented a series of studies that examine both solute 
properties and solvent structure and organization at different liquid interfaces.  The 
goal of these studies has been to determine how changes in intermolecular 
interactions affect properties and structure at different types of interfaces.  For more 
than ten years the Walker Research Group has used nonlinear optical spectroscopy to 
study how properties change across liquid surfaces, as well as structure of neat liquid 
interfaces with and without adsorbed monolayers.  SHG spectra of “molecular ruler” 
surfactants have been used to measure interfacial width across liquid/liquid 
interfaces.
1-4
  Other studies have used VSFG spectra of alcohol isomers adsorbed to 
aqueous/vapor interfaces as evidence for monolayer structure resulting from a balance 
of forces that occurs when solvating polar and nonpolar functional groups.
5,6
 
The work presented in this thesis seeks to combine both of these and provide a 
complete and quantitative correlation between surface solvation and interfacial 
solvent structure.  SHG experiments systematically examined solute properties in 
order to suggest possible solvent structures.  VSFG then measured directly the solvent 
structure.  Furthermore, we have set up this study to include a systematic approach 
that enabled us to use spectra from different solvents at similar interfaces in order to 
present a thermodynamic explanation of how intermolecular interactions give rise to 




6.2 Summary of Thesis Experiments 
 
The majority of experiments presented here were conducted using two nonlinear 
optical spectroscopies, one (SHG) sensitive to changes in solute electronic structure, 
and the other (VSFG) measuring polarization dependent interfacial vibrational 
spectra.   
In Chapter 2, we presented the results of SHG spectra of two solvatochromic 
solutes, pNAs and indoline, adsorbed to different solid/liquid interfaces.  This work 
has appeared previously in the literature.
7
  A common denominator in all experiments 
described throughout this thesis is that the solid substrate used was silica.  To study 
different types of solvation at the silica surface we varied the solvent in contact, 
including two nonpolar alkanes, and two different length alcohols.  Spectra of pNAs 
and indoline adsorbed to the silica/liquid interfaces formed with these liquids show 
the interfacial polarity (pNAs) and hydrogen bonding opportunities (indoline).  
Despite having identical bulk polarities, the interfacial polarity at the silica/liquid 
interfaces formed using cyclohexane and methylcyclohexane were different, and both 
are more polar than the bulk.  The interfaces formed between silica and 1-propanol 
and 1-octanol both exhibit heterogeneous polarity, with one population of pNAs 
sampling an environment less polar than bulk, and a second population sampling an 
environment more polar than bulk.  This result is interpreted in terms of the substrate-
solvent interaction that induce order in the first solvent monolayer. 
In all cases indoline appeared to see a strong hydrogen bonding environment.  The 
only way in which we were able to shift indoline’s SHG spectra away from this bulk 




groups.  This result pointed to strong, directional specific solvation interactions 
having a large importance at the interface. 
Experimental results presented in Chapter 2 make very strong predictions about 
how inferred solvent structure and interfacial forces affect solvation at solid/liquid 
interfaces.  Additional NLO experiments were performed to explore who solvent 
structure plays such a strong role in controlling polarity but not interfacial hydrogen 
bonding.  Polarization analysis from VSFG spectra acquired under different 
conditions but from the same interface make it possible to determine average 
molecular orientations, as well as estimate the degree of order among solvent 
molecules in the interfacial region.  This technique and the origin of its surface 
specificity are described in Chapter 3 of this thesis. 
The second part of this thesis discusses experiments that probe directly interfacial 
structure and organization.  Studying three different series of molecules adsorbed to 
different solid and liquid interfaces allowed for a systematic approach to determining 
those forces most responsible for molecular interfacial organization.  In Chapter 3 we 
present VSFG spectra of linear alkanes (n = 8-11) adsorbed to the silica/vapor 
interface.  Even in these weakly associating systems, where the strongest forces 
present are induced dipole interactions between the substrate and adsorbates, or van 
der Waals interactions between adsorbed molecules themselves, results show 
significant long range order.  Furthermore, we were able to use carefully calibrated 
signal intensities to support an average molecular orientation of adsorbed species.  
That there was an even-odd effect in feature intensities showed a preferred orientation 




Work presented in Chapter 4 is motivated by indirect solvent organization 
measurements presented in Chapter 2.  That pNAs samples a heterogeneous solvation 
environment with one population being very nonpolar at the silica/1-octanol interface 
implies that the solvent molecules organize in an ordered Langmuir-like film with 
upright orientations.  Likewise, previous results of octanol monolayers at the 
aqueous/vapor interface suggest similar long range order.  Because the solid, silanol 
terminated silica interface is similar in some ways to the aqueous/vapor interface, we 
measured spectra of octanol isomers adsorbed to the silica/vapor interface.  We then 
brought the neat liquid into contact with the surface, and measured the corresponding 
order observed at the silica/liquid interface.  Results show that all octanol isomers 
have significant long range order and form upright monolayers at the silica/vapor 
interface, but that much of that order is lost at the silica/liquid interface.  The 
branched isomers especially lost most or all long range order.  This result suggests 
that lateral interactions play a role in adsorption to the solid/liquid interface, and we 
found that thermodynamic quantities of adsorption and solvation energetics supported 
this interpretation.  
Finally, to expand our study of how intermolecular interactions affect interfacial 
organization of solvents, we used VSFG to determine structure and order of equal 
length, but different functional group containing solvents.  These spectra were 
presented in Chapter 5 and included the silica/vapor and silica/liquid interfaces 
formed with octane and 1-octanol adsorbed presented earlier as well as with 1-
octylamine, dimethyloctylamine, and octyl cyanide.  We show again that the 




silica/vapor interface will have order persist at the silica/liquid interface.  The primary 
amine has the largest heat of adsorption, which not only leads to the most ordered 
silica/vapor interface, but since heats of vaporization (and thus condensation) are 
similar for these different molecules, 1-octylamine has the largest relative difference 
between the two enthalpies.  Therefore, 1-octylamine remains the most ordered at the 
silica/liquid interface. 
Data presented in Chapters 3-5 from this thesis will soon be submitted for 
publication. 
6.3      Future Outlook 
 
Results presented here represent a systematic approach to studying intermolecular 
forces responsible for interfacial properties and organization, though this is not an 
exhaustive study.  We have chosen model systems that provide valuable insight 
toward developing predictive theories, but there are still questions that need 
answered.  We present thermodynamic results from similar solvents adsorbed to 
interfaces as justification for spectral interpretation, assuming similar results for 
longer carbon chain adsorbates.  Whether or not these correlations are universal can 
be easily tested with another series of experiments examining chain length 
dependence on the results presented in chapters 4 and 5.   
Likewise, results presented in chapter 3 include only a small set of different 
length molecules.  There may exist a transition at some size alkane outside of our 
sample group toward different interfacial structures.  Obviously, these studies can be 




contained in this thesis provide grist for the mill and advance our understanding of 
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